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Abstract
In vitro produced (IVP) bovine embryos provide enhanced genetic value and a means for studying early
embryonic development. However, IVP embryos are developmentally compromised and are lower quality
compared to in vivo derived (IVD) embryos. Consequently, after transfer pregnancy rates from IVP
embryos are consistently lower, as they exhibit the highest amounts of pregnancy failure during the early
embryonic phase (prior to day 28). Progesterone (P4) has been shown to influence bovine endometrial
epithelial (EPI) and stromal fibroblast (SF) cells to secrete developmentally important molecules that
promote early embryo development and conceptus elongation. However, IVP embryos are not exposed to
these factors until Day 7 whereas IVD embryos gain exposure on Day 4, when the developing embryo
begins migration out of the oviduct and into the uterus. Our hypothesis is that P4 stimulated bovine
endometrial EPI and SF cell conditioned media will improve IVC bovine embryo development rate and
gene expression by Day 8 of development compared to non-cell conditioned media. The first objective of
this study includes observing the effect of dose dependent P4 treatment on isolated bovine endometrial
EPI and SF cells through expression of genes involved in luteolytic pathways, solute-like carrier
transporters and growth factors. The second objective is to assess the effect of P4 stimulated bovine
endometrial cell conditioned media on IVP bovine embryos, assessing development rate, morphologic
quality, and expression of developmentally important genes that indicate embryo quality. The first study
identified cell-specific expression of certain histotroph genes and P4 regulated genes between uterine EPI
and SF cells. The second study illustrated that IVC bovine embryos developed better in endometrial cell
conditioned media compared to non-conditioned media. Improving IVP embryo culture systems along
with a deeper understanding of the maternal environment will enhance IVP embryo production and
quality.

v

Table of Contents
Chapter I: Literature Review………………………………………………………………………………..1
Introduction……………………………………………………………………………………………........1
Bovine Estrous Cycle………………………………………………………………………………….........2
Fertilization and Early Pregnancy…………………………………………………………………………..4
Maternal Recognition of Pregnancy………………………………………………………………………..6
Importance of Progesterone and Endometrial Secretions………………………………………………......7
Early Embryonic Loss………………………………………………………………………………………8
Benefits of IVP………………………………………………………………………………………….......9
Process of IVP……………………………………………………………………………………………..10
Problems with IVP………………………………………………………………………………………...12
Using Cell Cultures and Conditioned Medium to Improve IVP…………………………………………..14
Using Endometrial Cell Cultures to Improve IVP………………………………………………………...16
Hypothesis…………………………………………………………………………………………………17
Chapter II: Effect of Progesterone Treatment on Endometrial Cell Gene Expression……………………18
Abstract……………………………………………………………………………………………………18
Introduction………………………………………………………………………………………………..20
Materials and Methods………………………………………………………………………………….....20
Statistical Analyses………………………………………………………………………………………..24
Results……………………………………………………………………………………………………..24
Discussion…………………………………………………………………………………………………25
Chapter III: Effect of Endometrial Cell Conditioned Media on In Vitro Cultured Bovine Embryo
Development…………………………………………….……………………………………..………….48
Abstract……………………………………………………………………………………………………48
Introduction………………………………………………………………………………………………..50
Materials and Methods………………………………………………………………………………….…52

vi

Statistical Analyses………………………………………………………………………………………..55
Results…………………………………………………………………………………………………….55
Discussion…………………………………………………………………………………………………56
Chapter IV: Conclusion…………………………………………………………………………………...79
Bibliography……………………………………………………………………………………………….80
Vita……………………………………………………………………………………………………….101

vii

List of Tables
Table 2.1 GenBank accession number, gene name, primer direction, primer sequence, product size,
efficiencies, and source of primer of cDNAs amplified during real-time quantitative polymerase chain
reactions (RT-qPCR)………………………………………………………………………………………31
Table 2.2 Quantitative real time PCR of target genes in progesterone stimulated bovine endometrial
epithelial and stromal fibroblast cells……………………………………………………………………..32
Table 3.1 GenBank accession number, gene name, primer direction, primer sequence, amplicon size,
amplification efficiency and source of primer of cDNAs amplified during real-time quantitative
polymerase chain reactions of IVC bovine embryos (RT-qPCR)……………………………………..…..62
Table 3.2 Day 7 and Day 8 IVP bovine embryo blastocyst development, embryo quality, embryo stage
and Day 8 blastocyst diameter …………………………………………………………………………....63
Table 3.3 Quantitative real-time PCR Analysis of developmentally important gene expression between
IVP bovine embryos cultured in KSOM, N-CM, SF-CM, EPI-CM and SF/EPI-CM…………….……...69

viii

List of Figures
Figure 2.1 Image depicting endometrial EPI and SF cell isolation and treatment……………….33
Figure 2.2 Quantitative real-time PCR for SLC1A1 expression in bovine endometrial epithelial and
stromal fibroblast cells……………………………………………………………………………………34
Figure 2.3 Quantitative real-time PCR for SLC5A6 expression in bovine endometrial epithelial and
stromal fibroblast cells…………………………………………………………………………………....35
Figure 2.4 Quantitative real-time PCR for SLC7A1 expression in bovine endometrial epithelial and
stromal fibroblast cells…………………………………………………………………………...…….....36
Figure 2.5 Quantitative real-time PCR for PGR expression in bovine endometrial epithelial and stromal
fibroblast cells. …………………………………………………………………………….…….……….37
Figure 2.6 Quantitative real-time PCR for OXTR expression in bovine endometrial epithelial and stromal
fibroblast cells. …………………………………………………………………………………….….…38
Figure 2.7 Quantitative real-time PCR for PRSS23 expression in bovine endometrial epithelial and
stromal fibroblast cells. ………………………………………………………………………………….39
Figure 2.8 Quantitative real-time PCR for NID2 expression between bovine endometrial epithelial and
stromal fibroblast cells. ……………………………………………………………………………….…40
Figure 2.9 Quantitative real-time PCR for CTGF expression in bovine endometrial epithelial and stromal
fibroblast cells. ………………………………………………………………………………………….41
Figure 2.10 Quantitative real-time PCR for FGF2 expression in bovine endometrial epithelial and stromal
fibroblast cells. ………………………………………………………………….………………………42
Figure 2.11 Quantitative real-time PCR for FGF7 expression in bovine endometrial epithelial and stromal
fibroblast cells. ……………………………………………………………….…………………………43
Figure 2.12 Quantitative real-time PCR for INFAR-2 expression in bovine endometrial epithelial and
stromal fibroblast cells. …………………………………………………………………………………44
Figure 2.13 Quantitative real-time PCR for FOXA2 expression in bovine endometrial epithelial and
stromal fibroblast cells. ……………………………………………………………………………........45

ix

Figure 2.14 Quantitative real-time PCR for FGF7 expression in P4 stimulated endometrial epithelial and
stromal fibroblast cells…………………..………………………………...……………………………....46
Figure 2.15 Quantitative real-time PCR for INFAR-1 expression in P4 stimulated endometrial epithelial
and stromal fibroblast cells. ………………………………………………………………………………47

Figure 3.1 Timeline depicting IVP processes and 16-32 cell embryo treatment………………..64
Figure 3.2 Day 7 IVP Blastocyst development after treatment……………………………….………….65
Figure 3.3 Day 7 IVP Blastocyst stage between embryo treatments……………………………………..66
Figure 3.4 Day 8 IVP Blastocyst development after treatment…………………………………………..67
Figure 3.5 Day 8 IVP Blastocyst stage between embryo treatments……………………………………..68
Figure 3.6 Quantitative real-time PCR Analysis for IFNτ expression between IVP bovine embryos
cultured in KSOM, NC, SF-CM, EPI-CM, and SF/EPI-CM.………………………………………….....70
Figure 3.7 Quantitative real-time PCR for IL-6 expression in IVP bovine embryos cultured in KSOM,
NC, SF-CM, EPI-CM, and SF/EPI-CM ………………………………………………………..………...71
Figure 3.8 Quantitative real-time PCR for LGALS1 expression in IVP bovine embryos cultured in
KSOM, NC, SF-CM, EPI-CM, and SF/EPI-CM. ……………………………………………..………....72
Figure 3.9 Quantitative real-time PCR for LIF expression in IVP bovine embryos cultured in KSOM, NC,
SF-CM, EPI-CM, and SF/EPI-CM …………………………..…………………..……………………....73
Figure 3.10 Quantitative real-time PCR for STAT3 expression in IVP bovine embryos cultured in KSOM,
NC, SF-CM, EPI-CM, and SF/EPI-CM …………………………………………………………………74
Figure 3.11 Quantitative real-time PCR for STAT5B expression in IVP bovine embryos cultured in
KSOM, NC, SF-CM, EPI-CM, and SF/EPI-CM ………………………………………………………..75
Figure 3.12 Quantitative real-time PCR for PTGS2 expression in IVP bovine embryos cultured in KSOM,
NC, SF-CM, EPI-CM, and SF/EPI-CM. ………………………………………………………………..76
Figure 3.13 Quantitative real-time PCR for PPIA expression in IVP bovine embryos cultured in KSOM,
NC, SF-CM, EPI-CM, and SF/EPI-CM ………………………………………………………….……..77
Figure 3.14 Day 8 Embryo images taken for embryo diameter measurements………………………...78

x

List of Abbreviations
µg

Microgram

µL

Microliter

µm

Micrometer

ABAM Antibiotic-antimitotic
AI

Artificial Insemination

BACT Beta Actin
bp

Base Pair

BRL

Buffalo Rat Liver

BSA

Bovine Serum Albumin

CIDR

Controlled Intravaginal Drug Releasing Device

CH

Corpus Hemorrhagicum

CL

Corpus Luteum

COC

Cumulus-oocyte complex

CSF

Conceptus secreted factor

CTGF

Connective tissue growth factor

E2

Estradiol

EGA

Embryonic genome activation

EPI

Epithelial Cell

EPI-CM Epithelial Cell Conditioned Media
FBS

Fetal bovine serum

FSH

Follicle stimulating hormone

FGF2

Fibroblast growth factor 2

FGF7

Fibroblast growth factor 7

GADPH Glyceraldehyde 3-phosphate dehydrogenase
GnRH

Gonadotropin releasing hormone

xi

H

Hour

HPI

Hours post insemination

ICM

Inner cell mass

IFNτ

Interferon-tau

IL-6

Interleukin-6

INFAR

Interferon alpha receptor

IVP

In Vitro Produced

IVD

In Vivo Derived

JAK.

Janus-associated kinase

KSOM

Potassium simplex optimized medium

LGALS1 Galectin-1
LH

Luteinizing Hormone

Log10

Log base 10

LOS

Large offspring syndrome

MEM

Minimal essential media

mL

Milliliter

Min

Minute

MOET

Multiple ovulation embryo transfer

mRNA

Messenger RNA

MRP

Maternal recognition of pregnancy

ng

Nanogram

NRQ

Normalized relative quantity

OMM

Oocyte maturation media

OPU

Ovum pick up

OXT

Oxytocin

OXTR Oxytocin receptor

xii

P4

Progesterone

PBS

Phosphate buffered saline

PPIA

Peptidylprolyl isomerase A

PTGS2 Prostaglandin synthase 2
PZ

Presumptive zygote

RIN

RNA integrity number

RNA

Ribonucleic acid

RNF11

Ring finger protein 11

RPMI

Roswell Park Memorial Institute Media 1640

RT-qPCR Quantitative real time polymerase chain reaction
SCNT

Somatic Cell Nuclear Transfer

SDHA

Succinate dehydrogenase complex flavoprotein subunit A

SF

Stromal Fibroblast

SF-CM Fibroblast Cell conditioned media
SLC

Solute- like carrier transporter

SLC1A1 Solute- like carrier transporter 1A1
SLC5A6 Solute- like carrier transporter 5A6
SLC7A1 Solute- like carrier transporter 7A1
SOF

Synthetic oviductal fluid

Sqrt

Square root

TALP

Tyrode’s albumin lactate pyruvate

TNF- α Tumor necrosis factor alpha
ZP

Zona pellucida

∆∆CT delta delta CT method

xiii

Chapter I: Literature Review
Introduction
With a growing world population, cattle producers face the challenges of meeting increasing
demands for animal protein and dairy products. To meet these exponential demands, it is imperative to
have successful pregnancies that produce offspring that improve animal genetics and productivity. By
improving traits such as growth, average daily gain, marbling, or milk yield, cattle producers can gain the
additional economic benefits associated with these traits. To attain such endeavors, producers have
utilized advanced reproductive technologies, including in vitro production (IVP) of embryos. The
number of IVP bovine embryos has exponentially grown, exceeding a 300% increase in the last 20 years
(Lamb et al., 2016). Not only does IVP have applications in cattle production, but it is used in other
livestock species as well as in human reproductive medicine (Cognie et al., 2003; Galli et al., 2003;
Gordon, 2003; Rizos et al., 2008; Hansen, 2014). In vitro embryo production has also been utilized to
conserve endangered species (Gjørret et al., 2002; Gordon, 2003). Furthermore, IVP embryos are utilized
in developmental research and continue to help scientists study embryonic development, early
pregnancies, and uterine-conceptus interactions (Gordon, 2003).
However, IVP embryos also have limitations. They are lower quality compared to in vivo derived
(IVD) embryos (Massip et al., 1995; Lonergan et al., 2006; Lonergan and Fair, 2008). These differences
in quality are poorly understood but are attributed to biochemical processes that impact gene expression,
morphology, cell numbers and cryotolerance. Compared to IVD embryos, IVP embryos have a lower
cryotolerance and reduced pregnancy rates after thawing and embryo transfer (Massip et al., 1995; Hasler,
2010). Furthermore, only 20-30% of mature oocytes are fertilized during IVP and survive to the
blastocyst stage (Rizos et al., 2008). One factor that could contribute to decreased IVP embryo quality is
the post-fertilization culture environment. In vivo, the oocyte is fertilized in the oviduct before entering
the uterus on Day 4-5 of development. In the uterus, the steroid hormone progesterone (P4) stimulates
uterine epithelial (EPI) and stromal fibroblast (SF) cells to secrete developmentally important molecules,
collectively known as the histotroph, that supports development of the early conceptus and pregnancy
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(Mullen et al., 2014). In vitro produced embryos are not exposed to histotroph until transfer at Day 7,
likely affecting conceptus development and successful pregnancy establishment after embryo transfer
(Lonergan et al., 2003a). In vitro production of embryos can be separated into three processes: in vitro
maturation of the oocyte (IVM), in vitro fertilization (IVF), and in vitro embryo culture (IVC) (Hasler,
1998; Gordon, 2003; Hansen, 2014). During IVP, bovine embryos are cultured in media until Day 7, and
are then transferred fresh to a synchronized recipient or, in the case of most IVP embryos, cryopreserved
until transfer at a later date. The following literature review provides important information from previous
studies that lead to our hypothesis, that bovine endometrial cells stimulated by P4 will express
histotrophic factors important for early embryonic development and that P4 stimulated endometrial cell
conditioned media will improve IVP bovine embryo culture conditions and subsequent IVP embryo
quality. Improving IVP bovine embryo culture media and embryo quality may increase survival of the
IVP embryo following transfer, and overall, help to improve herd genetics and productivity.
Bovine Estrous Cycle
After attaining puberty, if the heifer is free of disease and other underlying complications, she
will enter cyclicity. The estrous cycle is a series of hormonal and physiological events and is not only
imperative for ovulation of the oocyte, but also preparation for pregnancy (Senger, 1997). The estrous
cycle has two distinct phases: the follicular phase and the luteal phase. Approximately 20% of the estrous
cycle, the follicular phase spans from regression of the corpus luteum (CL) to ovulation of the dominant
follicle (Senger, 1997). The luteal phase is the longest phase of the estrous cycle and includes formation
of the CL. The luteal phase can be subdivided into early, mid, and late luteal phase. These phases are
separated based on CL size and P4 secretion (Ireland et al., 1980). The estrous cycle can also be described
as having four periods related to the pattern of sexual behavior: proestrus, estrus, metestrus, and diestrus.
Proestrus and estrus occur during the follicular phase whereas metestrus and diestrus occur during the
luteal phase (Senger, 1997).
Beginning with the follicular phase, proestrus is the period directly before estrus, when the CL
undergoes regression and blood concentrations of P4 decline, a process called luteolysis. During
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proestrus, pulsatile release of gonadotrophin releasing hormone (GnRH) from hypothalamic neurons
stimulate luteinizing hormone (LH) and follicle stimulating hormone (FSH) release from the anterior
pituitary gonadotrophs, prompting ovarian follicular growth (Ginther et al., 1989; Senger, 1997; Ginther
et al., 1998; Inskeep, 2004). Investigators utilizing ultrasonography to evaluate ovarian follicular
dynamics in heifers found that follicles grow in waves, with two or three waves per estrous cycle (Sirois
and Fortune, 1988). According to the “two cell, two gonadotropin” theory, LH will bind LH receptors on
ovarian follicle theca cells whereas FSH will bind FSH receptors on ovarian follicle granulosa cells,
leading to estradiol (E2) synthesis. Pulses of LH stimulate growth and selection of a dominant follicle
from a cohort of other follicles (Inskeep, 2004). The dominant follicle will produce large concentrations
of E2, triggering sexual activity in the female and a surge of GnRH from the hypothalamus and LH from
the anterior pituitary, resulting in ovulation. Dominant follicle E2 also causes physiological changes in the
female reproductive tract related to increased blood flow, swelling, leukocyte proliferation, muscle
motility and growth of uterine glands (Senger, 1997). After ovulation, the follicle theca and granulosa
cells will differentiate into small and large luteal cells, respectively, forming a corpus hemorragicum
(CH), followed by a CL.
Metestrus is the period after estrus and is characterized by the physiological transformation of
ovarian follicle cells into small and large luteal cells and CL formation, otherwise known as follicular
luteinization. Metestrus begins the first period of the luteal phase. The post-ovulatory rise in P4 not only
prompts endometrial changes, but is also essential for the initial maintenance of pregnancy and
progression of embryonic development (Spencer et al., 2016). During late metestrus, blood P4
concentrations, synthesized by the developing CL, begin to rise. Diestrus, the time when the CL is fully
functional and P4 secretion is maximal, begins around Day 5 of the cycle (Senger, 1997). In cattle,
diestrus lasts between Days 5 and 17 of the estrous cycle (Senger, 1997). In a study examining plasma
concentrations of P4 in cattle, the authors found maximal P4 concentrations around 6.6 ng/mL (ranging
from 6.1 to 10.2 ng/mL) during peak luteal function (STABENFELDT et al., 1969). Takahashi et al.
(2016) aimed to characterize the distribution of P4 receptor (PGR) expression in the uterine horn. In the
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cranial portion, near the uterine-tubule junction, endometrial P4 concentrations were higher in the
ipsilateral horn compared to the contralateral horn. Progesterone receptor expression showed a negative
correlation with P4 amounts in the endometrial tissue (Takahashi et al., 2016). This agrees with previous
observations that P4 downregulates expression of its own receptor in uterine EPI cells, whereas estrogen
induces PGR expression (Xiao and Goff, 1999; Spencer and Bazer, 2002; Takahashi et al., 2016).
Endometrial concentrations of PGR were higher in the early luteal period compared to the mid and late
luteal periods. Furthermore, differences in P4 concentrations in ipsilateral and contralateral horn show the
local actions of P4 (Takahashi et al., 2016). Observations of decreases in PGR mRNA during the mid and
late luteal periods also agree with other studies stating that P4 downregulates its own receptor 8 to 10
days post estrus (Okumu et al., 2010a; Takahashi et al., 2016). According to Brooks and others (2014), in
cattle PGR is lost from the luminal epithelium by Day 13 and the glandular epithelium by Day 16, and
this loss is responsible for the regulation of developmentally important genes expressed in the
endometrium (Brooks et al., 2014).
As the cycle progresses, if the animal is not pregnant, luteolysis will initiate around Day 17.
Resulting in reduced P4 secretions from the CL and expression of PGR. According to McCracken and
others (1999), this allows expression of ESR1, and E2 from growing follicles promotes oxytocin receptor
(OXTR) expression (McCracken et al., 1999). During this time, oxytocin (OXT) from the posterior
pituitary binds to its receptor in the epithelium, driving prostaglandin F2alpha (PGF2α) synthesis.
Prostaglandin F2alpha is released from the epithelium in a pulsatile fashion and circulates into local
uterine blood supply. After binding its receptors on the luteal cells of the CL, OXT is released and
subsequently binds its receptors on luteal cells. Collectively, this combination induces apoptosis of luteal
cells and regression of the CL (McCracken et al., 1999). The bovine estrous is comprised of intricate
phases that are critical to preparation for potential pregnancy and reestablishing cyclicity.
Fertilization and Early Pregnancy
After ovulation, triggered by anterior pituitary surge of LH, the oocyte will be captured by the
infundibulum and will then travel to the ampullary isthmic junction of the oviduct. In the oviduct, sperm
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will attach to oviductal cells, become hyperactive and undergo capacitation. Following capacitation,
sperm gain increasingly progressive motility, and bind to the zona pellucida (ZP) surrounding the oocyte.
Specifically, sperm will bind to ZP glycoprotein 3 (ZP3) on the surface of the ZP. Binding to ZP3
initiates the acrosomal reaction, which enables the sperm to enter the ZP and oocyte through release of
enzymes (O'Flaherty et al., 1999). Once the sperm cell enters the oocyte, the zona block will occur,
preventing polyspermy. Upon sperm cell entry into the oocyte, meiosis II ensues and the oocyte polar
body is extruded prior to fusion of male and female pronuclei and formation of the single cell embryo or
zygote (Senger, 1997).
The zygote undergoes cell division to a 2-4 cell embryo at Day 2, an 8-16 cell embryo at Day 3,
and a 16-32 cell embryo at Day 4. During the 8-cell stage, the embryo will undergo embryonic genome
activation (EGA), a process by which the embryo is no longer reliant on maternal mRNA and begins to
transcribe its own mRNA (Gad et al., 2012). The embryo will then divide into 16 and 32 cells, form a
compact morula and exit the oviduct into the uterine horn between Days 4 and 5 (Carvalho et al., 2017).
Cells of the morula will differentiate into the inner cell mass (ICM) and trophectoderm as the blastocoel
forms. During this phase, ICM cells begin to form gap junctions which aid communication between cell
types. Between the trophoblast cells, formation of tight junctions in conjunction with sodium transporters,
allows fluid accumulation inside the early embryo (Lonergan et al., 2016). The ICM will form the embryo
body and subsequently, the fetus, whereas the trophectoderm and primitive endoderm give rise to the
chorio-allantois placenta. By Day 7, the morula has formed into a blastocyst. Continued fluid
accumulation and cell division will drive expansion of the blastocyst followed by enzyme mediated ZP
weakening and blastocyst hatching between Days 8 or 9. During this time, the blastocyst begins to
produce interferon-tau (IFNτ), a type 1 interferon, critical for maternal recognition of pregnancy.
The newly hatched blastocyst is reliant on uterine secretions known as histotroph that are
induced by P4 (Lindner and Wright Jr, 1983). In cattle, the hatched blastocyst begins to form an ovoid
conceptus near Day 13 of development. The embryo will then undergo the process of elongation whereby
the ovoid conceptus becomes tubular and then filamentous by Day 16. During this time, the conceptus
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produces larger concentrations of IFNτ. Moreover, elongation and subsequently increased IFNτ
production by the conceptus blocks luteolytic mechanisms. By Day 19, the conceptus will begin to attach
to the uterine epithelia and extend to the contralateral uterine horn (Senger, 1997; Spencer et al., 2016).
Maternal Recognition of Pregnancy
Maternal recognition of pregnancy (MRP) is the process by which the conceptus signals to the
mother to prolong the functional and structural lifespan of the CL (Hansen et al., 2017). In ruminants, this
is achieved by IFNτ (Brooks et al., 2014). In cattle, peak IFNτ secretion by the trophectoderm occurs
between Days 14 to 17, coinciding with elongation (Ealy and Wooldridge, 2017). Interferon-tau
production prolongs pregnancy by blocking OXTR gene expression within the endometrial EPI cells and
subsequently, luteolytic PGF2α. By blocking luteolytic action of PGF2α, the CL does not regress.
A working MRP model in sheep suggests that IFNτ inhibits the transcription of OXTR genes in
uterine epithelial cells and prevents pulse synthesis and secretion of PGF2α (Brooks et al., 2014; Bazer and
Thatcher, 2017; Hansen et al., 2017). In cattle, IFNτ regulates OXTR expression independent of ESRα
expression (Hansen et al., 2017). Furthermore, IFNτ does not affect PGR expression in the uterine
epithelium (Hansen et al., 2017). Interferon-tau is essential in uterine communication as well as eliciting
interferon stimulated genes (ISGs), which possess antiviral effects (Mathew et al., 2016). Interferon
stimulated genes are expressed at specific timepoints, and are considered important in pregnancy
establishment (Spencer et al., 2006). Specifically, classical (antiviral) and non-classical ISGs are impacted
by IFNτ production from the conceptus and subsequently impact the maternal environment. Interferon-tau
activates the janus-kinase signal transducer and activator of transcription (JAK-STAT pathway) through
bindings its receptor, interferon alpha receptor (INFAR) (Hansen et al., 2017). This process
phosphorylates STATs, which in turn act as transcription factors and induce ISG expression.
Furthermore, IFNτ has a role in uterine transformation receptivity and placental development through
expression of ISGs (Brooks et al., 2014).
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Importance of Progesterone and Endometrial Secretions
According to Lonergan et al. (2013), the default action of the uterus is to prepare for pregnancy.
Progesterone modifies uterine secretions from glandular epithelium, contributing to the histotroph and
indirectly mediates conceptus development through secretions, thus preparing an embryotrophic
environment for the developing embryo (Spencer et al., 2016). Progesterone concentrations from the CL
begin to rise on Day 3 of the bovine estrous cycle and promotes uterine EPI and SF cells to secrete
histotroph, which is comprised of amino acids, glucose, cytokines, ions, steroids, growth factors as well
as exosomes essential for embryonic development (Forde et al., 2009; Ferguson et al., 2012; Spencer et
al., 2016). These secretions maintain embryonic growth and help promote establishment of pregnancy
(Takahashi et al., 2016). When cows were supplemented with P4 during early pregnancy, conceptus
secretion of IFNτ doubled compared to controls and cows supplemented late with P4 (Mann et al., 2006).
Progesterone stimulates endometrial EPI and SF cells to secrete developmentally important
molecules. The quantity of P4 reaching the cell determines its function and role. Pope and others (1982)
proposed that a gradient of progesterone exists within the uterine horn ipsilateral to the CL and this
gradient could promote embryo survival. Researchers found that a gradient exists in the tissues of the
ipsilateral horn, with tissues closest to the ovary containing higher concentrations (Pope et al., 1982).
From ten cows, the ipsilateral horn had a mean concentration of 0.27 ng/mL compared to the contralateral
side (0.16 ng/mL). Uterine epithelial glands also play a key role in embryonic development. Researchers
found that uterine gland knockout ewes showed defects in conceptus development, and concluded that
these defects were from absence of uterine gland secretions from the endometrial glands (Gray et al.,
2002).
In cattle with higher serum concentrations of P4, conceptus sizes are larger (Carter et al., 2008).
Specifically, P4 does not directly effect on conceptus elongation, but rather impacts embryonic
development and growth from an effect on the endometrium (Clemente et al., 2009). Progesterone
mediates histotroph by inducing expression of genes related to embryonic development and elongation
(Spencer et al., 2016). In cases of low concentrations of P4, the uterine environment is compromised and
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not suitable for embryonic survival. Progesterone supplementation after ovulation resulted in early
downregulation of PGR protein in the early luteal period (Okumu et al., 2010b). Specifically, lower P4
concentrations result in delayed downregulation of PGR (Forde et al., 2011). Consequently, expression of
P4 stimulated genes were lower than in normal heifers, or not expressed at all (Forde et al., 2011). This
also agrees with other studies that P4 downregulates expression of its own receptor. Early downregulation
promotes earlier expression of P4 induced developmentally important genes (Okumu et al., 2010b). The
loss of PGR is an imperative event for developmentally important genes to be activated, and for other
genes that are not important to development to be downregulated or turned off in expression (Bazer et al.,
2009). Delayed downregulation of PGR in the epithelial cells inhibits expression of certain
developmentally important genes. This inhibition also prevents actions of progestamedins, molecules
released from cells, such as SF, that maintain PGR and responses to P4. These include certain growth
factors, including fibroblast growth factors 2 and 7 (FGF2 and FGF7), to prepare the endometrium and
promote conceptus elongation. These genes also include a variety of solute carrier transporters (SLC) as
well as genes imperative in cellular function and proliferation (Forde et al., 2009).
Early Embryonic Loss
Embryonic loss costs cattle producers over $1.2 billion annually, and can be attributed to various
factors (Hansen, 2002; Geary, 2005). These factors can include reduced oocyte quality, a compromised
maternal environment, and failure to respond to embryonic signals (Hansen, 2002). Loss prior to Day 28,
known as early embryonic loss, and makes up the highest percentage of pregnancy failure during
gestation. Causes of early embryonic loss can be attributed to genetic, physiologic, age of the dam, semen
quality, and endocrine related factors (Ayalon, 1978; Diskin and Morris, 2008). The oocyte’s
contributions to embryonic survival can be easily dictated by nutritional or environmental factors
(Hansen, 2002). In addition, sperm quality also has an impact on the survival of the embryo. In the case of
both beef and dairy cattle, fertilization rates are between 95% in heifers and 85% in cows (Diskin and
Morris, 2008; Hansen, 2011). However, total pregnancy success in beef cows is around 60%, and in dairy
cows it is 45-50%. According to Thatcher et.al (1989), many pregnancies fail due to limited IFNτ
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production by the embryo to inhibit the luteolytic effects of PGF2α. As the embryo increases in size, more
IFNτ is produced. Furthermore, researchers studied the effects of mastitis on embryonic loss, specifically
the effects of disease outside the reproductive tract. They found that cows experiencing mastitis lead to
activation of immune pathways and inflammatory responses that resulted in embryonic loss (Hansen et
al., 2004). Release of cytokines, including tumor necrosis factor alpha (TNF-α), can increase PGF2α,
resulting in luteolysis (Hansen et al., 2004).
In vitro produced bovine embryos have a greater amount of early embryonic loss compared to
IVD embryos, with successful pregnancy rates generally being lower than 30% (Farin et al., 1995; Pontes
et al., 2011). Considering IVP embryos have delayed exposure to the uterus and histotroph until Day 7 at
transfer, one could hypothesize that IVP embryos have retarded elongation resulting in reduced IFNτ
production, thus reduced suppression of the luteolytic mechanism and pregnancy failure.
Benefits of IVP
With the world population growing at exponential rates, advanced reproductive techniques are
imperative to meet growing demands for animal protein and products (Lamb et al., 2016). In vitro embryo
production aims to produce the maximum amount of embryos from collected immature oocytes and
allows for genetic selection in the development of superior offspring and selection of superior
combinations that artificial insemination (AI) cannot offer (Hasler, 1998). For livestock producers,
increasing profits without sacrificing imperative aspects of operations is key. Furthermore, animals that
possess high quality, genetics and traits, including growth and muscling, provide a greater benefit and
solutions to feed the growing world population. In vitro embryo production provides the potential to
generate higher numbers of animals possessing elite genetics after one collection of oocytes from the
dam. Superovulation and ovum pick up (OPU) allow for maximized oocyte collection from donor
animals. For cattle producers, this potentially allows more than one calf per calving season from superior
animals with maximal production value. Donors of different physiological stage or age can be used for
oocyte collection. Furthermore, in some instances, oocytes can be collected from pregnant donors
(Gordon, 2003). In addition, for donors with complications from age, disease, or infertility, the ovaries
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can be collected at processing and oocytes collected for IVP (Galli et al., 2003). In detail, dairy cattle face
challenges with decreased fertility, and IVP combined with embryo transfer (ET) can combat that
challenge and increase calf numbers (Hansen and Block, 2003). Furthermore, utilization of
synchronization protocols as well as sexed semen further tailors the goals of the producer and allows for
further utilization of high quality genetics, such as growth or milk quality, that increase producer’s profits
(Lamb and DiLorenzo, 2013).
In addition to increasing profits, IVP is also utilized in research. Not only does help researches to
address various questions involved in early embryonic development, but it also holds importance in
endocrine function, uterine environments, and establishment of pregnancies (Galli et al., 2003).
Furthermore, IVP allows for the study of abnormalities and detrimental events that impact embryonic
development. For research purposes, such as when the dam’s genetics may not be important, large
quantities of oocytes can be collected from animal slaughter facilities to increase the number of embryos
produced at a lower cost compared to multiple ovulation embryo transfer (MOET) (Cognie et al., 2003;
Hansen and Block, 2003). Overall, embryo IVP holds numerous benefits for livestock producers and
research.
Process of IVP
In vitro production of embryos is a series of three sequential steps: 1) in vitro maturation of the
oocyte, 2) in vitro fertilization (IVF), and 3) in vitro embryo culture (IVC) (Hasler, 1998). Step one
begins with retrieval of the oocyte. Oocytes may be collected by OPU or by aspiration of follicles on
abattoir ovaries. After collection, oocytes are searched and evaluated, with only the best oocytes saved to
be matured. Oocytes with expanded cumulus, no cumulus, granulated cytoplasm, ovoid shape and
indentions are not used for IVP. Currently, cattle producers utilize ovum pickup, whereas abattoir ovaries
are utilized for scientific purposes. Once high-quality oocytes are selected, they are placed in an incubator
for maturation. According to Gordon (2003), maturation can be divided into two phases: inductive phase
and synthetic phase. The inductive phase, in which cumulus cells of the cumulus oocyte complex (COC)
supports oocyte RNA and protein synthesis, lasts 6 to 8 hours (Gordon, 2003). The synthetic phase lasts
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16 hours. During this phase, the oocyte undergoes dramatic nuclear and cytoplasmic changes, including
germinal vesicle breakdown, extrusion of the first polar body and organelle reorganization (Senger, 1997;
Gordon, 2003). Around 90% of oocytes collected will mature in vitro (Galli et al., 2003; Rizos et al.,
2008). Maturation involves resumption of meiotic prophase as well as ultrastructural changes of the
oocyte. Oocytes are matured for 24 hours, and then fertilized via IVF. Semen is usually cryopreserved
and divided out into separate straws with semen extender. For fertilization, a Percoll-based system is
utilized, which allows for separation and purification of motile sperm after thawing. There are also
additional systems, such as swim-up or centrifugation, but separation via a Percoll gradient offers added
consistency, flexibility, and reliability (Galli et al., 2003). Prior to fertilization, sperm motility is checked
to ensure optimal chances for fertilization. Oocytes are fertilized and incubated for another 16-18 hours.
After 18 hours, sperm and cumulus are removed from the presumptive zygotes (PZs), a process referred
to as denuding. This process uses hyaluronidase to remove the cumulus from the PZs, and the PZs are
placed in culture media. After denuding, cleavage is assessed on either Day 2 or day 3 of development.
Current optimal cleavage rates are 70%-80% for most culture systems. During this time, the PZs’
blastomeres divide and eventually compact into a morula. Blastocysts are assessed and graded on Day 7,
and hatched blastocysts are evaluated on Day 8. The embryo grading scale ranges from 1 to 4 and are
graded based on morphological evaluation of the inner cell mass (ICM) and trophectoderm. Embryos
graded as 1 and 2 are considered to be excellent and good, respectively. Specifically, embryos graded 1
are characterized by uniform size, color and intact cellular material. While a grade of 2 is still considered
transferable, these embryos have some irregularities in their morphology. Embryos considered to be a
grade 3 and grade 4, are fair and degenerated, respectively (Farin et al., 1995). Grade 3 embryos have
additional morphological issues combined with differences in cell size and color. Grade 4 embryos are
considered dead or degenerating and are nonviable. In commercial IVP settings, embryos that are hatched
are not transferred. Embryos of grades 1 and 2 are transferred fresh to an estrous synchronized recipient
or cryopreserved, the process of freezing the embryo for transfer at a later date. Pregnancy rates are
greater after fresh transfer of IVP embryos (Massip et al., 1995). This is due to the fact that IVP embryos
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have a lower cryotolerance compared to IVD embryos (Hasler et al., 1995). However, cryopreservation of
IVP embryos provides additional flexibility for preservation of embryos and transfer at a later date.
There are many methods for cryopreservation of IVP embryos. Slow freezing is considered the
classic method and is used less often compared to vitrification. The vitrification method controls the
cooling rate of the embryo and uses lower concentrations of cryoprotectant. This has an advantage, as
cryoprotectants have been shown to be toxic to the embryo (Sanches et al., 2018). Slow freezing,
however, results in higher concentrations of ice crystals forming in the embryo, which can damage cell
membranes. Vitrification is the most commonly used method in commercial embryo transfer, and tends to
be simple, fast, and lower cost compared to slow freezing (Sanches et al., 2018). This process involves
removing extracellular embryonic water, dehydrating the embryo. This makes the embryo permeable to
cryoprotectant, and the embryo can withstand direct immersion into the liquid nitrogen (Sanches et al.,
2018). However, since the embryo is permeable to the cryoprotectant, there is higher chances of
embryonic toxicity and damaging the embryo. After cryopreservation, embryos can remain frozen for an
extended period of time. At the time of transfer, embryos are thawed and transferred to the uterus of a
synchronized recipient.
Problems with IVP
Although embryo IVP holds many benefits for livestock producers, there are also problems with
current production methods. For the case of IVP embryos, embryo survival can be attributed to many
factors, including culture environment, oocyte quality, genetics, and metabolic abilities (Farin et al., 2001;
Rizos et al., 2002a). In vitro produced embryos are of lesser quality than IVD counterparts (Rizos et al.,
2002b; Lonergan et al., 2006; Rizos et al., 2008). During IVP, cattle blastocyst formation success rate
ranges from 20 to 30% (Rizos et al., 2008). Furthermore in humans, success of implantation of IVP
embryos is around 10% (Wiemer et al., 1989). In vitro produced embryos possess morphological
differences compared to IVD embryos. These differences include color, diameter, increased lipid content,
and differences in gene expression (Rizos et al., 2002b; Rizos et al., 2008). According to Gad and others
(2012), IVP embryos have impaired mitochondrial activity, and as a consequence cannot utilize ATP until
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after embryonic genome activation (EGA) (Gad et al., 2012). In addition, researchers have also observed
earlier EGA in IVP embryos, of which has negative consequences on development (Massip et al., 1995).
Furthermore, IVP embryos have weaker, more porous ZP that is dissolved easier (Massip et al., 1995).
Embryos cultured entirely in a sheep oviduct resulted in higher survival rates and hatching rates after
thawing (Rizos et al., 2002b). In addition, IVP embryos cultured entirely in vitro showed a darker
appearance, larger blastomeres, and an reduced perivitelline space (Rizos et al., 2002b).
In vitro produced embryos are also impacted at cryopreservation. Embryos that possess a higher
lipid content, there is a lower chance of survival after thawing (Massip et al., 1995). Culture conditions
for embryos contributes to differences in EGA (Massip et al., 1995). In addition to morphological
differences, IVP embryos also have differences in gene expression compared to IVD produced embryos.
Furthermore, these differences in gene expression elicit a different response by the endometrium, which
could account for reduced pregnancy success after transfer (Mathew et al., 2018; Passaro et al., 2018).
Furthermore, IVP embryos have been known to have increased expression of the apoptosis regulator
(Bax) and reduced expression of gap junction gene (Cx43) (Lonergan et al., 2006). As a result, IVP
embryos are of lower quality than IVD embryos and have decreased pregnancy rates after transfer (Rizos
et al., 2002b).
Following embryo transfer, these genetic and morphological differences potentially contribute to
failed pregnancies and differences in embryonic survival after cryopreservation. Hasler (2000) reported
lower pregnancy rates of IVP embryos (54%) compared to IVD produced embryos (76%). Postfertilization culture environments greatly impact on embryo quality (Lonergan et al., 2003a). According
to Galli and others (2003) the culture system also affects the newborn calf. Serums used in culture
medias, higher oxygenated environments during culture, and waste products of metabolism often cause
abnormalities, increased late term abortions, and increased birth weights (Van Wagtendonk-de Leeuw et
al., 2000; Galli et al., 2003). Offspring from IVP embryos tend to be larger, a condition known as large
offspring syndrome (LOS) (Gordon, 2003). Phenotypes associated with this condition include oversized
offspring and other complications such as errors in placental formation and reduced calf health (Farin et
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al., 2001). Culture conditions have the potential to contribute to these adverse consequences. In addition,
IVP embryo culture conditions lead to other complications such as longer gestation periods, dystocia,
increased embryonic death, abnormal organs, deformities, and increased mortality after parturition (Galli
et al., 2003; Rizos et al., 2008).
Using Cell Cultures and Conditioned Medium to Improve IVP
According to Thompson (1996), embryo culture systems can be divided into two groups: 1)
systems with somatic cells, including embryo-somatic cell co-culture systems as well as embryos cultured
in medium derived from cultured somatic cells (conditioned medium) or 2) no embryo interaction with
somatic cells or conditioned medium (Thompson, 1996). However, conventional IVP methods limit
embryo quality, no matter the type (Lonergan et al., 2003a; Rizos et al., 2008). There are two types of
conditioning, positive and negative. Positive conditioning is defined as secretion of embryotrophic factors
whereas negative conditioning is defined as removal of potentially harmful substances from the medium
and making it more suitable for embryo culture (Thompson, 1996). Various cell types, including primary
cells lines as well as established cell lines have been used to culture embryos. This includes oviductal
cells from cattle and pigs, ampullae from mice oviducts, cumulus, granulosa, buffalo rat liver (BRL) and
Vero (cells from the kidney of an African green monkey) cells (Hasler, 1998). Current culture medias
produce lower quality blastocysts, limit development of some embryos to the 8 to 16 cell stage, and
impact EGA (Massip et al., 1995). For embryo culture, there are a variety of different medias and systems
besides conditioned media and co-culture. Synthetic oviductal fluid (SOF) and potassium simplex
optimization medium (KSOM) are commonly used medias in culture systems. In order to improve
embryo quality, embryo-endometrial cell co-cultures have been utilized. Co-culture with various cell
types from cattle, sheep, and goats has been shown to improve IVP embryo quality (Eyestone et al.,
1991). The BRL cell conditioned medium has been shown to increase blastocyst cell number and embryo
quality (Desai et al., 1994; Vansteenbrugge et al., 1994). Lonergan and others (2003) utilized the ligated
ewe oviduct as a model to identify the point of development that is most critical after fertilization. This
study had six treatment groups: culture in SOF for six days, culture in SOF for two days then the ewe
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oviduct for four days, culture in SOF for four days then the ewe oviduct for two days, cultured in the ewe
oviduct for four days, then SOF for two days, or culture in the ligated ewe oviduct for six days. They
concluded that conditions of embryo culture affect embryo quality, and that embryos exposed to the
oviduct for longer periods of time improved IVP embryo quality post-thawing (Lonergan et al., 2003a).
Furthermore, exposure to oviductal cells also reduces the chance of LOS (Galli et al., 2003).
Vansteenbrugge and others (1994) cultured bovine embryos in bovine oviductal cell (BOEC) or BRL cell
conditioned medium with tissue culture medium 199 (TCM 199) or Dulbecco’s modified Eagle’s medium
with Ham’s F12 (DMEM/F12) (Vansteenbrugge et al., 1994). Overall, bovine embryos cultured in either
conditioned medium had significantly higher development rates compared to non-conditioned media
(Vansteenbrugge et al., 1994). Additionally, the BRL-DMEM/F12 conditioned medium provided a
greater number of blastocysts. Cell monocultures can improve culture environments for developing
embryos and their survival after cryopreservation (Rizos et al., 2008). Furthermore, Eyestone and First
(1989) found that culturing IVP bovine embryos in bovine oviduct cell conditioned medium was just as
effective as co-culture with oviductal cells compared to culture in medium 199 (M199) and 10% FBS.
There was a greater proportion of embryos reaching the morula and blastocyst stage in co-culture with
bovine oviduct cells and oviduct cell conditioned media compared to M199 supplemented with 10% FBS.
Hill and Gilbert (2008) cultured embryos in endometrial conditioned medium from a normal or inflamed
uterus and found that inflammation reduced embryo quality over the culture period. In order to induce
inflammation, cows were infused with glycogen, which has been used to induce endometritis in cows in
certain studies. Using a novel in vivo method of conditioning embryo culture medium, the ipsilateral
horns of pluriparious Holstein cows were flushed with SOF. In order to obtain the inflamed conditioned
medium, the horn was then infused with glycogen and SOF was used to flush the horn in the same
manner six hours later. Embryos were cultured in SOF under standard conditions (39°C, 5% CO2, and 7%
O2) for five days, and then moved into treatment medias until Day 7. The authors found that conditioned
medium from both an inflamed and non-inflamed uterus resulted in greater numbers of blastocysts
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compared to control SOF and FBS alone (Hill and Gilbert, 2008). Furthermore, conditioned media from a
non-inflamed uterus resulted in higher numbers of hatched blastocysts.
Using Endometrial Cell Cultures to Improve IVP
According to Thibodeaux and others (1992), bovine oviductal and uterine cells can grow in
various types of embryo culture media. Novel lines of human endometrial cells have been shown to
support IVP murine embryos (Desai et al., 1994). When compared to human oviductal cells and Vero
cells, human endometrial cell co-culture systems resulted in greater blastocyst hatching rates (30%) when
compared Vero cells (21%). Furthermore, control mediums resulted in only a 3% hatching rate. Voelkel
and others (1985) utilized a bovine uterine cell monolayer culture system with Ham’s F-10 medium. They
concluded that the bovine uterine fibroblast monolayer promoted higher numbers of bovine blastocysts at
the end of culture. Moreover, fetal bovine uterine fibroblasts have been shown to produce properties that
promote IVD embryonic development in vitro. In vivo derived embryos were recovered from super
ovulated donor females. These embryos were removed from the ZP and micromanipulated, bisecting the
embryo into identical demi embryos. One demi embryo was allotted to a culture environment of Ham’s F10 medium or a monolayer of bovine uterine fibroblast cells in Ham’s F-10 medium. Overall, demi
embryos cultured on the fetal uterine fibroblast layer showed increased viability over 72 h in culture.
Furthermore, Kuzan and others (1982) observed IVD porcine blastocyst development co-cultured with
bovine uterine fibroblasts and testicular fibroblasts. They found that bovine uterine fibroblasts provided a
superior environment for porcine blastocyst development in vitro (Kuzan and Wright 1982). In the case of
murine embryos, endometrial cell lines from humans promoted increased embryonic development
compared to human oviduct cells as well as Vero cells (Desai et al., 1994). In addition, embryos cultured
with bovine uterine fibroblasts and bovine testicular fibroblasts also had signs of improved quality
compared to embryos cultured in MEM with 10% FBS (Kuzan and Wright Jr, 1982). Kuzan and Wright
(1982) observed the development of bovine morulae on various cell types and culture medias and found
that bovine testicular and uterine fibroblast monolayers produced higher numbers of hatched blastocysts.
In addition, Wiemer et al. (1989) found that bovine fetal uterine fibroblasts were more beneficial to

16

human embryos during co-culture (Wiemer et al., 1989). After co-culture with bovine fetal uterine
fibroblasts, there were significantly higher rates of embryo implantation whereas control cultured
embryos displayed decreased implantation rates (Wiemer et al., 1989). These could include metabolic
intermediates that could stimulate embryonic cleavage (Wiemer et al., 1989).
Hypothesis
Considering P4 stimulates uterine EPI and SF cells to synthesize important embryotrophic factors
and culturing IVP embryos with endometrial cells improves embryonic development, we hypothesize that
P4 stimulated endometrial cell conditioned media, derived from bovine uterine EPI and SF cells, will
affect IVC embryo development and gene expression. Bovine endometrial EPI and SF cells were isolated
from mid luteal phase cyclic reproductive tracts (n=4). Cells were isolated and cultured with P4 to
produce the cell conditioned media. Bovine embryos were cultured in conditioned media from Days 4 to
8. Embryo development and stage was assessed on Days 7 and 8. Embryo quality was assessed on Day 8.
Moreover, quality was also assessed through expression of quality genes including IFNτ, interleukin-6
(IL-6), leukemia inhibitor factor (LIF), galectin-1 (LGALS1), signal transducer and activators of
transcription 3 and 5B (STAT3 and STAT5B), prostaglandin synthase 2 (PTGS2), and peptidyl isomerase
A (PPIA). Furthermore, endometrial epithelial and SF cell mRNA was collected and assayed for potential
P4 stimulated histotroph factors including SLCs and select fibroblast growth factors.

17

Chapter II: Effect of P4 on Endometrial Cell Gene Expression
Abstract
Progesterone (P4) modulates uterine epithelial (EPI) and stromal fibroblast (SF) cells to influence
embryotrophic secretions known as histotroph. Supplementation of P4 in vivo influences early conceptus
elongation. We hypothesize that P4 stimulates expression of specific genes imperative for embryonic
development in endometrial cells, supporting conceptus growth. Mid-luteal phase endometrium was collected
from bovine uteri (n=4) and epithelial (EPI) and stromal fibroblast (SF) cells isolated and cultured separately.
The cells were cultured with Roswell Park Memorial Institute medium (RPMI), 2% fetal bovine serum (FBS)
and 1% antimycotic-antibiotic (ABAM) (Control (CON)) or RPMI with 1 (P4-1), 15 (P4-15), or 50 (P4-50)
ng/mL of P4 for 12 h. Epithelial and SF mRNA were isolated, and reverse transcribed before RT-qPCR.
mRNA for genes related to cell growth factors (FGF2, FGF7 and CTGF), solute-like carrier transporters
(SLC1A1, SLC5A6 and SLC7A1), genes involved in luteolytic mechanisms (PGR, OXTR, INFAR-1, and
INFAR-2), uterine gland formation (FOXA2), and other genes believed to be regulated by P4 (PRSS23, NID2)
were also measured. A GLM (SAS; Cary, NC) was used to test for an effect of P4 (TRT), cell type (CT) and
TRT by CT interaction (INT) on log transformed relative gene expression. A transporter for glutamate,

SLC1A1, was greater in the EPI compared to SF cells (P < 0.001). The same was true for SLC5A6 and
SLC7A1, multi-vitamin and arginine transporters, respectively (P < 0.05). The opposite was true FGF2
and CTGF. Epithelial cell expression of FGF2 and CTGF was lower compared to SF FGF2 and CTGF (P
< 0.001). There was an effect of CT (P < 0.001) and TRT (P < 0.05) on FGF7. Compared to EPI, SF had
greater FGF7 (P < 0.001). Cells treated with P4-1, P4-15 and P4-50 expressed less FGF7 compared to
nontreated cells (P < 0.05). Progesterone receptor (PGR) was expressed more in SF compared to EPI (P<
0.001). Further, oxytocin receptor (OXTR) showed greater expression in EPI compared to SF (P < 0.001).
Nidogen 2 (NID2), a gene that codes for cell-adhesion proteins thought to be imperative for maintaining
basement membrane structures, was expressed more in SF compared to EPI (P< 0.001). Cell type and
TRT did not affect expression of serine protease 23 (PRSS23) between CT, TRT, or INT (P > 0.05).
Forkhead Box A2 (FOXA2) expression was greater in the EPI cells compared to SF (P < 0.05). Interferon
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alpha receptor subunit alpha (INFAR-1) showed an TRT x CT interaction (P < 0.05). Furthermore,
INFAR-1 expression was greater in CON EPI compared to other EPI and all SF cells. There was a CT
effect on INFAR-2 (P < 0.05). EPI cells had greater expression of INFAR-2 compared to SF. A greater
understanding of P4’s effects on specific uterine cell types provides deeper insight into the maternal
environment.
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Introduction
The bovine uterus is comprised of both intercarnucular and carnucular regions. The
intercarnucular region consists of luminal, and glandular epithelial cells (EPI) and stromal fibroblasts (SF)
that impact embryo development and conceptus elongation through secretion of embryotrophic
molecules, including certain amino acids and growth factors, cytokines, and ions (Filant and Spencer,
2014). Embryos transferred to uteri of uterine gland knockout ewes have retarded growth and reduced
survival (Gray et al., 2002). Embryos transferred to the knockout ewes fail to elongate, thus implicating
endometrial glandular secretions to be imperative for survival past elongation phase. Furthermore, other
studies show that supplementation of the uterus with P4 prior to embryo transfer increases embryonic
length and diameter. Thus, showing that P4 acts indirectly through the endometrium to promote
embryonic elongation and development as opposed to direct supplementation of P4 to in vitro embryo
culture systems (Carter et al., 2008; Clemente et al., 2009). Specifically, P4’s actions on the endometrium
impact expression of growth factors, solute carrier transporters (SLC), luteolytic genes, and other genes
that indicate uterine receptivity and conceptus elongation (Forde et al., 2010). Uterine environments with
low P4 concentrations result in delayed expression of genes that have been associated with conceptus
elongation. (Forde et al., 2012). Conversely, high P4 environments show increased expression of critical
histotroph genes and ultimately histotroph production in the endometrium (Forde et al., 2009).
Considering the effects of P4 on endometrial cells, histotroph production and subsequently the
developing embryo, the goal of this study was to understand specific cell type expression of histotroph
genes to further elucidate an understanding of the maternal environment. Objectives included
characterization of specific endometrial cell type expression of SLCs and growth factor genes important
for early embryonic development.
Materials and Methods
Bovine Endometrial Tissue Collection
Endometrial cell isolations were conducted as previously described (Turner et al., 2014; Chaney
et al., 2021). Mid-luteal phase (Day 11-17) female bovine reproductive tracts (n=4) were collected from a

20

cull cow abattoir and transported back within three hours of collection or one hour of collection
respectively (Brown Packing; Gaffney, SC, or Southeastern Provisions; Bean Station, TN). The stage of
the reproductive cycle was based on appearance of the corpus luteum (CL) as described by (Ireland et al.,
1980). The uterine horn ipsilateral to the CL was dissected and washed with Dulbecco’s phosphatebuffered saline (DPBS; Gibco, Grand Island, New York) containing 1% antibiotic-antimycotic (ABAM;
Gibco). Intercarnucular endometrial strips were removed using sterile scissors and tweezers. Strips of
endometrium were washed twice in Hank’s Balanced Salt Solution (HBSS; Gibco), dissected into 3mm3
pieces and resuspended in a 50 mL conical tube with 25 mL of HBSS containing 1% ABAM. The tissue
was then incubated for 10 min at 38.5°C in 5% CO2 in air. The wash solution was drained from the tissue
and 40 mL of HBSS digestive solution containing collagenase type II (0.5mg/mL; Sigma, St. Louis, MO),
bovine serum albumin (BSA) (1mg/mL; Sigma), trypsin (2.5 BAEE units/mL; Sigma) and DNase 1
(0.1mg/mL; Sigma) was added. The endometrial tissue was incubated in a water bath at 38.5 °C and
manually shaken every 10 minutes for 1 h. Once digested, endometrial tissue was filtered through a 100
µm filter positioned over a 40 µm filter into 5 mL of HBSS containing 10% fetal bovine serum (FBS;
Sigma). The filtered solution was used to collect SF cells. To collect endometrial EPI cells, the 40 µm
filter was backwashed with 30 mL of Rosewell Park Memorial Institute 1640 Medium (RPMI; Gibco)
containing 10% FBS and 1% ABAM (culture medium throughout) and plated in T75 Flasks (Griener BioOne, Monroe, NC). To collect the SF cells, the initial filtrate was centrifuged at 700 x g for 7 min and
supernatant was removed. After centrifugation, 5 mL of water was added to the SF pellet and vortexed for
30 seconds to lyse the red blood cells. After, 45 mL of HBSS containing 10% FBS was added to the SF
solution and the cells were centrifuged again for 7 minutes at 700 x g and supernatant was removed. Cells
were resuspended in RPMI containing 10% FBS and 1% ABAM, plated in T75 flasks and cultured in 5%
CO2 and atmospheric oxygen at 38.5°C (standard culture conditions). Stromal fibroblast and EPI cell
media was changed 18 h and 48 h after plating, respectively. After the initial media change, subsequent
media changes were conducted every two days until cells were confluent for plating and treatment.
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Different cell morphologies and adhesion properties between the SF and EPI cells allowed for
differentiation and purification of the separate cell lines using Accutase (Sigma) (Chaney et al., 2021).
Cells were passed to new T75 flasks at least twice before treatment. Stromal fibroblast cells were passed
by incubating the cells with 2 mL of Accutase for 5 min. Epithelial cells, still attached to the flask, were
discarded. Contaminating SF cells in EPI cultures were removed similarly, by adding 2 mL of Accutase
(Sigma) for 20 minutes. Cultures were then washed with DPBS to remove the SF cells and new culture
medium was added. Epithelial cells were detached from the plate by incubating the cells with 2 mL of
Accutase for 15-20 min. Once 80-90% confluent, both cell types were passed. Dead cells were stained
with Trypan Blue (0.4%, Gibco) and live cells counted using a cell counter (Countess II FL,
Thermofisher, Waltham, MA).
Endometrial Cell Treatments
The day before treatment, EPI and SF cells were seeded in culture medium (1 mL) at a density of
1x105 cells/mL into individual wells of a 24-well plate (Griener Bio-One). Cells were allowed to attach
for 24 h before confluency was assessed and old medium was removed. Cells were 90-100% confluent 24
h post plating. Cells were washed with DPBS and incubated (standard conditions) with treatment medium
(RPMI containing 2% FBS and 1% ABAM) alone (Control; CON) or treatment medium containing 1
(P4-1), 15 (P4-15), or 50 (P4-50) ng/mL P4 (Sigma) for 12 h (Figure 2.1). After treatment, cell media was
aspirated, centrifuged at speed 1500 RPM for 10 minutes, and stored in -80°C until further use.
RNA Isolation, Reverse Transcription, and RT-qPCR
RNA isolation was achieved using the E.Z.N.A Total RNA Kit I (Omega Bio-tek, Inc, Norcross,
GA) in combination with a DNase I (Qiagen) digestion step and frozen at -80°C until reverse
transcription. RNA quantity and quality were assessed using a NanoDrop 1000 (NanoDrop, ND-1000,
NanoDrop Technologies, Wilmington, DE) and Bioanalyzer (2100 Bioanalyzer, Agilent Technologies,
Santa Clara, CA) respectively. RNA with an RNA-Integrity Number (RIN) above 6.0 was considered
acceptable for reverse transcription and real time quantitative polymerase chain reaction (RT-qPCR).
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Endometrial SF and EPI cell RNA was reverse transcribed to cDNA using a High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems, Waltham, MA) following the manufacturers
recommendations. Briefly, 500 ng of RNA was reverse transcribed for 2 h at 37°C in a 20 µL reaction.
Additionally, no-reverse transcriptase (NRT) control samples were also prepared by replacing the reverse
transcriptase with nuclease free water. After cDNA syntheses, 5 µL of each sample, with the exception of
NRT controls, was combined to make a cDNA pool used to make a series of seven diluted cDNA
standards (1:4 serial dilutions) in nuclease free water. Samples were then diluted 1:20 in nuclease free
water. These standards were used to calculate primer efficiencies (E). Efficiency was calculated using the
formula E = [10(-1/slope)-1] where slope is the plot of the Ct mean against the seven standard log dilution
values. Percent efficiency was calculated by dividing E by 2 and multiplying by 100. Primers used were
previously published or designed in Primer3Plus (Version 2.4.2) and had a percent efficiency between 90110%.
Real-time quantitative PCR was used to measure relative gene expression using the QuantStudio
3 RT-qPCR machine (Life Technologies, Carlsbad, CA). Sample reactions were carried out in a 20 µL
reaction in duplicate consisting of 10 µL SYBR Green (Applied Biosystems), 1.2 µL of the forward
primer, 1.2 µL of the reverse primer, and 2.6 µL of nuclease-free water and 5 µL of cDNA template (6.25
ng RNA equivalent). Reactions including NRTs samples and no-template controls (NTCs; nuclease free
water in place of cDNA) were also included. All samples, including controls, were assayed on a 96-well
plate (Applied Biosystems). Thermocycling conditions were 50°C for 2 min, 95°C for 2 min, 40 cycles at
95°C for 15 sec and 60°C for 1 min. A dissociation analysis was also included.
Previously published primer sets were used to measure expression of eight different reference
genes across a subset of samples (Table 2.1) (Passaro et al., 2018). Expression of beta actin (BACT) and
ring finger protein 11 (RNF11) were found to be the most stable and were used to normalize gene
expression data using a generalized delta delta Ct method (∆∆CT) (Livak and Schmittgen, 2001). Target
amplicon size was validated using gel electrophoresis (Foto/Prep).
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Statistical Analyses
A general linear model procedure in SAS (Version 9.4, Cary, NC) was used to analyze log
transformed normalized relative quantities (NRQ) or relative gene expression data over the course of four
replicates and twelve samples. Repetition, or the uterus, was considered a random effect. The statistical
analyses tested for an effect of P4 treatment (TRT), cell type (CT) and TRT by CT interaction (INT) on
log transformed relative gene expression. Data are presented as non-transformed least squares means ±
standard error of the least squares means (LSM ± SEM). Statistical significance was declared at P < 0.05.
Results
Quantitative real-time PCR was used to assay relative expression of select cell SLCs, growth
factors as well as genes involved in uterine receptivity and the luteolytic pathway in bovine endometrial
EPI and SF cells treated with P4. In regard to SLC transporters, overall, there was no effect of P4 on
expression of select genes in endometrial EPI or SF cells, however, there was an effect of cell type.
Expression of SLC1A1, a high affinity amino acid transporter, was greater in the EPI cells when compared
to the SF cells (P < 0.001; Table 2.2 and Figure 2.2). Similarly, expression of SLC5A6 and SLC7A1 was
greater in the EPI cells compared to the SF (P < 0.05; Table 2.2, Figures 2.3 and 2.4).
Regarding genes involved in uterine receptivity and/or the bovine endometrial luteolytic
mechanisms, there was an effect of cell type on nuclear PGR. Relative expression of PGR was greater in
SF cells when compared to the EPI cells (P < 0.001; Table 2.3 and Figure 2.5). Conversely, relative
expression of oxytocin receptor (OXTR) was greater in the EPI cells when compared to the SF cells (P <
0.001; Table 2.2 and Figure 2.6). There was a treatment by cell type interaction (P < 0.05; Figure 2.15) on
relative expression of IFN alpha receptor subunits alpha (IFNAR-1). Compared to EPI cells that were
CON (P < 0.01), INFAR-1 expression was less in all other treatments. There was an effect of cell type
(Figure 2.12; P < 0.05) on IFNAR-2 expression. Overall, the EPI cells had greater expression of INFAR-2
when compared to the SF cells (Table 2.2; Figure 2.12).
Regarding growth factors, overall, SF cells had greater expression than EPI cells. Compared to
SF cell expression of FGF2 and FGF7, EPI expression of FGF2 and FGF7 was less (P < 0.001; Table
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2.2, Figures 2.10 and 2.11). This was also true for CTGF. Compared to SF cells, expression of CTGF was
expressed less in EPI cells (P < 0.001; Table 2.2 and Figure 2.9). Although P4 treatment did not affect
FGF2 or CTGF expression, there was an effect of P4 treatment (P < 0.05) on FGF7 expression.
Compared to CON cells, cell treated with P4-1, P4-15 and P4-50 had less FGF7 expression (P < 0.05;
Table 2.2 and Figure 2.14).
Both serine protease 23 (PRSS23) and Nidogen 2 (NID2) have been shown to be impacted by P4
in the luminal and glandular epithelium, respectively. FOXA2 is a gene expressed in glandular epithelial
cells. Due to these properties, levels of FOXA2 were measured in order to better classify EPI cell type
during endometrial cell isolation. For (PRSS23), there was no effect of cell type, P4 treatment, or a cell by
treatment interaction (Table 2.2 and Figure 2.7). However, there was an effect of cell type on NID2 and
FOXA2 expression. NID2 was less in the EPI cells (P < 0.001; Table 2.2 and Figure 2.8). Conversely,
FOXA2 was greater in the EPI cells (P < 0.05; Table 2.2 and Figure 2.13). There was no effect of P4
treatment or an interaction between treatment and cell type on NID2 or FOXA2 expression in the
endometrial EPI or SF cells.
Discussion
The aim of this study was to test the effect of P4 on endometrial cell gene expression to gain a
better understanding of P4 induced uterine histotroph production. Major findings from this study are 1)
that there is differing expression of specific genes between endometrial EPI and SF cells in the bovine
endometrium, 2) SLC were expressed greater in EPI cells whereas 3) SF expressed greater growth factors.
In addition, P4 did not have a dose-dependent impact on expression of specific P4 regulated genes.
Progesterone’s influence on the endometrium has been shown to have an effect on early embryo
development and conceptus elongation through modulation of expression of histotroph genes and
secretions including cytokines, ions, amino acids, glucose, growth factors, steroids, and prostaglandins
(Lonergan et al., 2007; Beltman et al., 2009). The bovine uterus consists of EPI and SF cells. Specifically,
the epithelium consists of intercarnucular and carnucular regions. The intercarnucular endometrium
consists of luminal and glandular epithelium responsible for secretions whereas the carnucular regions
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play essential roles in placental attachment. Both the EPI and SF cells secrete developmentally essential
molecules and proteins that constitute histotroph. Although P4’s effects on the uterine EPI and SF cells
have been studied in vivo, no studies have isolated the cell types and studied gene expression under the
influence of P4.
The classical nuclear receptors for P4, PGR A and B (PGR), is expressed in the endometrial EPI
and SF cells throughout the early luteal phase of the estrous cycle. Continued exposure to P4
downregulates PGR expression in endometrial EPI cells, allowing expression of genes associated with
luteolytic mechanisms (McCracken et al., 1999). Briefly, in the EPI, down regulation of PGR removes P4
inhibition on ESR1 expression. Estradiol binds to ESR1, promoting upregulation OXTR. Once OXT from
the posterior pituitary binds its receptor on the uterine endometrium, PGF2α is secreted from the
endometrium in a pulsatile fashion and travels to the ovary through the uterine vasculature, via
countercurrent exchange. Once bound to its receptor on luteal cells, PGF2α causes an influx of Ca2+ into
the cell which in turn causes apoptosis of the luteal cells. Furthermore, binding of PGF2α also results in
activation of protein kinase C, which begins to inhibit P4 synthesis. Additionally, OXT is released from
luteal cells in a positive feedback loop. Progesterone may act on SF cells to downregulate PGR in
endometrial EPI cells through progestamedins (Bazer et al., 2008). Progestamedins are factors produced
from SF cells that act in a paracrine manner on EPI cells to regulate cell function and promote
mechanisms important for early conceptus development. However, our study shows that in vitro, PGR is
downregulated directly by P4 in isolated uterine EPI cells. Collectively, this would suggest that P4 has a
direct mechanism in the EPI to downregulate PGR, leading to increasing OXTR and PGF2α synthesis.
Furthermore, OXTR expression was greater in the EPI than SF cells. Studies have shown that OXTR
expression is dictated by estradiol binding to ESR1 along with supplemental P4 inducing PGR
downregulation (Araújo et al., 2016; Batista et al., 2019).
Solute-like carrier transporters are a group of transporters responsible for transporting a wide
variety of sugars, amino acids, and other various macromolecules across cells membranes (Hediger et al.,
2013). Progesterone modulates endometrial secretions and impacts early embryonic development, partly
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through increasing SLC abundance and amino acid concentrations in the uterine lumen in a variety of
species, including both cattle and sheep (Forde et al., 2009; Satterfield et al., 2010; Forde et al., 2014).
Cows infused with P4 for 72 h have an increase in glycine and other amino acids in oviductal and uterine
fluid when uterine fluid was flushed on Day 6 (Hugentobler et al., 2010). Overall, P4 infusion resulted in
increased amino acids in the uterine fluid (Hugentobler et al., 2010). A neutral sodium dependent amino
acid transporter responsible for the transport of glutamate and aspartate, SLC1A1 was not affected by P4
treatment. However, the difference in expression of this gene was characterized between the EPI and SF
cells. Expression of SLC1A1 was dependent on cell type. In pregnant beef heifers, SLC1A1 mRNA was
expressed greater in both carnucular and intercarnucular endometrium on Day 16 of development
compared to Days 34 and 50 of gestation, reflective of the needs of the conceptus early in gestation
(Greseth et al., 2017). Our study agrees with previous studies, where SLC1A1 was also found to be
expressed greater in both luminal endometrial EPI cells, compared to SF, in postpartum dairy cattle on
Day 15 of the estrous cycle (Chankeaw et al., 2021). In heifers that received PGF2a on Days 3, 3.5, and 4
of the estrous cycle to reduce animal concentration of P4, both SLC1A1 and SLC5A6 were downregulated
compared to heifers of normal P4 profiles (Forde et al., 2012). Unlike previous studies, we did not find an
effect of P4 treatment on SLC1A1 expression between the two cell types. A sodium-dependent multivitamin transporter, SLC5A6, showed a similar pattern, with increased expression in EPI cells compared
to the SF and no treatment effects. A cationic transporter responsible for transporting basic amino acids
such as arginine and lysine, SLC7A1, was also greater in the EPI cells compared to the SF. This agrees
with previous models in which SLC7A1 is expressed more in the endometrial EPI cells compared to the
SF (Gao et al., 2009). In cattle, SLC7A1 is greater in the uterine epithelium at the later stages of the
estrous cycle and early stages of pregnancy, and increases as the conceptus develops until Day 16 (Forde
et al., 2014). Furthermore, SLC7A1 has also been shown to be affected by both P4 and IFNτ treatment in
sheep (Gao et al., 2009). Differing from in vivo mechanisms as observed by Forde and others (2009),
SLC7A1 was not impacted by P4 treatment in either cell type (Forde et al., 2009). The specific differences
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in SLC expression further illustrate specific cell contributions to maternal histotroph and potential needs
of the developing conceptus.
Fibroblast growth factors are a large family of growth factors found to be important for
development (Ornitz and Itoh, 2001). During early embryonic development, FGFs promote proliferation
of the trophectoderm and subsequently give rise to IFNτ production (Fields et al., 2011). In this study,
FGF2 and FGF7 were found to be expressed differently between the two cell endometrial types.
Expression of both FGF genes was greater in the SF compared to the endometrial EPI cells. It was found
that FGF2 is present in the bovine endometrium and FGF2 can increase IFNτ mRNA and proteins in
bovine trophectoderm cells (Michael et al., 2006). Furthermore, supplementation of FGF2 to in vitro
culture systems increases bovine blastocyst formation and formation of the primitive endoderm (Fields et
al., 2011; Yang et al., 2011). There was not a treatment effect of P4 on FGF2 expression. This differs
from other studies that showed an effect of P4 supplementation on FGF2 mRNA expression in the bovine
endometrium (Okumu et al., 2014). It’s possible that the bovine endometrial FGF expression requires
communication between uterine EPI and SF that is not present in cell monocultures. Keratinocyte growth
factor, also known as FGF7, can influence EPI cell proliferation and act as a progestamedin (Koji et al.,
1994; Satterfield et al., 2008). Chaney and others (2021) found significantly more FGF7 expression in SF
compared to endometrial EPI cells. Additionally, supplementing recombinant human FGF7 to IVP
bovine embryos increases trophectoderm IFNτ and proliferation in a dose dependent manner (Cooke et
al., 2009). In sheep, endometrial FGF7 expression was not influenced by P4 (Satterfield et al., 2008). In
this study, P4 decreased endometrial cell expression of FGF7. In the pig, endometrial FGF7 expression is
regulated by estrogen (Ka et al., 2001). Differing from the results of this study, in the primate, P4 has
been shown to increase FGF7 expression in a dose dependent manner (Koji et al., 1994). Species specific
differences of what dictates FGF7 expression could exist.
Connective tissue growth factor (CTGF) is a multifunctional protein that is imperative in cell
adhesion and development of the conceptus (De Winter et al., 2008). It has been localized in the bovine
endometrium during the estrous cycle and proposed to promote conceptus elongation in cattle (De Winter
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et al., 2008; Forde et al., 2010; Okumu et al., 2010b). When added to IVP embryos in culture, CTGF
increases bovine embryo ICM. In combination with nerve growth factor, hepatocyte growth factor, and
stromal derived factor 1, CTGF supplementation to in vitro culture systems promotes sheep blastocyst
development and cell proliferation (Wang et al., 2018). Moreover, in heifers with reduced P4, CTGF
expression was reduced compared to heifers with normal P4 profiles (Forde et al., 2012). In this study,
CTGF expression was greater in the SF compared to the EPI and was not influenced by P4.
Protease serine 23 (PRSS23) belongs to the trypsin family of serine proteases involved in enzyme
cleavage. In mice, this gene is downregulated in the endometrium after ovulation is induced (Diao et al.,
2013). In heifers with low concentrations of P4, PRSS23 expression was less compared to heifers with
normal P4 levels between Days 7 and 13 of the estrous cycle (Forde et al., 2012). Furthermore, PRSS23
was localized to the bovine uterine luminal epithelium (Forde et al., 2012). We did not an effect of P4 on
endometrial cell PRSS23 or a difference in endometrial EPI and SF cell expression of PRSS23. Nidogen 2
was expressed higher in the SF compared to the epithelium. In heifers with low levels of P4, NID2
expressed in the glandular epithelium (Forde et al., 2012). Known to promote basement membrane
formation in tissues, P4 dependent NID2 is proposed to regulate uterine receptivity in cattle (Ho et al.,
2008; Forde et al., 2012).
Forkhead box A2 belongs to the Forkhead family of transcription factors and is responsible for a
variety of transcriptional processes in the endometrium, including glandular epithelium formation and
expression of pro-inflammatory cytokine, leukemia inhibitory factor (LIF) (Shimizu et al., 2010). In mice,
FOXA2 expression is essential for endometrial gland formation (Jeong et al., 2010). In FOXA2 knockout
mice, uterine glands fail to form and blastocyst implantation does not occur (Kelleher et al., 2017). In the
endometrium of mice, FOXA2 is primarily expressed in the glandular epithelium (Filant and Spencer,
2014). In this study, FOXA2 was greater in the EPI cells compared to the SF cells. During the endometrial
cell isolation process, both luminal and glandular epithelial cells are isolated and likely contribute to the
EPI cell populations that expand in the monocultures and expression of FOXA2.
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In conclusion, this study provides insight into bovine endometrial cell type-specific activities
during uterine receptivity and contributions to uterine histotroph factors. During the estrous cycle, P4
decreases endometrial EPI PGR and subsequently, indirectly increases EPI OXTR in accordance with the
endometrial luteolytic mechanism. Similarly, supplementing P4 to bovine endometrial EPI monocultures
for 12 h reduced expression of PGR, suggesting that the isolated endometrial cells are similar to the in
vivo tissue. Importantly, this would suggest that P4 directly downregulates expression of PGR in bovine
endometrial luminal EPI cells, which is hypothesized to require a SF produced progestamedin (Spencer et
al., 2004). Isolated uterine EPI cells expressed SLC transporters and SF expressed growth factors that
influence development of the early bovine conceptus. Unexpectedly, P4 decreased bovine endometrial SF
expression of FGF7, an important growth factor believed to promote ruminant conceptus development
and IFNτ synthesis. This cell-specific expression provides further insight into the maternal environment
and specific cellular contributions to histotroph and early embryonic development. A better understanding
these contributions will allow for optimization of in vitro embryo culture technologies.
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Table 2.1 GenBank accession number, gene name, primer direction, primer sequence, product size,
efficiencies, and source of primer of cDNAs amplified during real-time quantitative polymerase chain
reactions (RT-qPCR).
GenBank Acc. No.

Gene

Primer

Primer-Sequence 5’-3’

Product
Size (bp)

Amp. E (%)

Source

NM_001077953.1

RNF11

For.
Rev.

TCCGGGAGTGTGTGATCTGTATGAT
GCAGGAGGGGCACGTGAAGG

131

--

Mathew et al., (2019)

NM_173979.3

BACT

For.
Rev.

CAGCAGATGTGGATCAGCAAGC
AACGCAGCTAACAGTCCGCC

91

--

Mathew et al., (2019)

NM_174599.2

SLC1A1

For.
Rev.

CACCGTCCTGAGTGGGCTTGC
CAGAAGAGCCTGGGCCATTCCC

115

103

Forde et al., (2014)

NM_001046219.2

SLC5A6

For.
Rev.

TCCCTCAGCACCATATCCTC
CCCCAACCATACCAAAGATG

248

100

Sponchiado et al., (2017)

NM_001135792.1

SLC7A1

For.
Rev.

GACAAGGGCACGTGGGTCCG
AGTCCTTGAGGGGTCGGCGG

117

95

Forde et al., (2014)

XM_583951

PGR

For.
Rev.

TTCTTTCAGTGGTCAAGTGGTC
GATCTCCATCCTAGTCCAAATACC

131

98

Alfaro et al., (2011)

NM_174134.2

OXTR

For.
Rev.

CGTCGTGCTGGCCTTCATCG
AGGTGAGGCTTCCTTGGGCG

175

99

Sponchiado et al., (2017)

NM_174552.2

INFAR1

For.
Rev.

GCGAAGAGTTTCCGCAACAG
TCCAAGGCAGGTCCAATGAC

275

99

Talukder et al., (2018)

NM_174553.2

INFAR2

For.
Rev.

TCGTATGTTGCGCCTGTTCT
GTCCGTCGTGTTTACCCACA

231

105

Talukder et al., (2018)

NM_001080306

PRSS23

For.
Rev.

GGCACTGGGTGGTGCTCAGCA
CTGGCCAGGTGGGCTTCCAG

108

91

Forde et al., (2012)

NM_001102065

NID2

For.
Rev.

GCTGTCGCTGCATGGCTCCAT
GGTTCCAAACTGGCGCGGCTA

102

94

Forde et al., (2012)

NM_174030.2

CTGF

For.
Rev.

CGTGTGCACCGCTAAAGATG
TCCGCTCTGGTACACAGTTCCT

98

90

Forde et al., (2011)

NM_001009769

FGF2

For.
Rev.

ACCGGTCAAGGAAATACTCCAG
CAGGTCCTGTTTTGGGTCCA

81

91

Ocón-Grove et al., (2008)

NM_001193131.1

FGF7

For.
Rev.

AGGACAGTGGCTGTTGGAAT
TGCAGTCCTCATTGCATTCT

111

92

Okumu et al., (2014)

XM_025001047.1

FOXA2

For.
Rev.

GAAGATGGAAGGGCACGAG
CCTCGGGCTCGGTGTAGTAG

56

90

Primer3Plus
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Table 2.2 Quantitative real time PCR Analysis of all genes measured between P4 stimulated bovine
endometrial EPI and SF cells. Expression is relative to two control genes, BACT and RNF11. Data are
presented as LSM ± SEM.
Gene

CT

CON

P4-1

P4-15

P4-50

P-Value
CT

PGR

SF

1.75 ± 0.25

1.59 ± 0.25

1.39 ± 0.25

1.27 ± 0.25

P < 0.001

NS

NS

EPI

0.57 ± 0.29

0.54 ± 0.25

0.45 ± 0.25

0.54 ± 0.25

SF

0.09 ±14.58

0.04 ± 14.58

0.02 ± 12.62

4.44 ± 12.62

P < 0.001

NS

NS

EPI

51.26 ± 14.58

38.22 ± 12.62

37.67 ± 12.62

41.33 ± 12.62

SF

1.06 ± 0.22

0.94 ± 0.22

1.16 ± 0.22

0.74 ± 0.22

NS

NS

P < 0.05

EPI

1.64 ± 0.26

0.47 ± 0.22

0.64 ± 0.22

1.07 ± 0.22

SF

1.13 ± 0.35

0.85 ± 0.35

0.89 ± 0.35

0.81 ± 0.35

P < 0.05

NS

NS

EPI

1.95 ± 0.48

1.69 ± 0.35

1.53 ± 0.35

0.92 ± 0.35

SF

0.25 ± 1.21

0.22 ± 1.21

0.17 ± 1.21

1.67 ± 1.21

P < 0.001

NS

NS

EPI

7.44 ± 1.67

6.55 ± 1.21

6.14 ± 1.21

5.77 ± 1.21

SF

0.92 ± 0.15

0.88 ± 0.15

0.84 ± 0.15

1.07 ± 0.15

P < 0.05

NS

NS

EPI

1.34 ± 0.21

1.39 ± 0.15

1.41 ± 0.15

1.08 ± 0.15

SF

1.07 ± 0.16

0.89 ± 0.16

1.10 ± 0.16

1.16 ± 0.16

P < 0.05

NS

NS

EPI

1.46 ± 0.22

1.42 ± 0.16

1.29 ± 0.16

1.11 ± 0.16

SF

8.52 ± 1.37

6.93 ± 1.37

7.89 ± 1.37

4.67 ± 1.37

P < 0.001

NS

NS

EPI

0.18 ± 1.58

0.10 ± 1.37

0.13 ± 1.37

1.89 ± 1.37

SF

32.96 ± 3.58

25.67 ± 5.58

24.51 ± 3.58

22.72 ± 4.13

P < 0.001

P < 0.05

NS

EPI

0.21 ± 4.13

0.12 ±3.58

0.14 ± 3.58

0.25 ± 4.13

SF

3.72 ± 0.54

3.92 ± 0.54

3.08 ± 0.54

3.28 ± 0.54

P < 0.001

NS

NS

EPI

0.38 ± 0.62

0.35 ± 0.54

0.39 ± 0.54

0.96 ± 0.54

SF

0.92 ± 0.24

0.86 ± 0.24

0.81 ± 0.24

1.12 ± 0.24

NS

NS

NS

EPI

1.04 ± 0.24

1.42 ± 0.24

1.44 ± 0.24

1.04 ± 0.24

SF

8.00 ± 1.18

8.49 ± 1.18

8.70 ± 1.18

7.40 ± 1.18

P < 0.001

NS

NS

EPI

0.27 ± 1.36

0.18 ± 1.18

0.20 ± 1.18

2.01 ± 1.18

SF

1.78 ± 2.51

5.38 ± 3.08

2.41 ± 2.18

0.13 ± 2.18

P < 0.001

NS

NS

EPI

5.90 ± 2.51

9.77 ± 2.18

7.58 ± 2.18

8.58 ± 2.18

OXTR

INFAR-1

INFAR-2

SLC1A1

SLC5A6

SLC7A1

FGF2

FGF7

CTGF

PRSS23

NID2

FOXA2

P-Value
TRT

P-Value
CT * TRT
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Cell Treatments

0
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0

0 ng/mL P4 (0)

1

1
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0
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15

15

15
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50

50

50

50
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50 ng/mL P4 (50)
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0

0

0

0

0

0

1 ng/mL P4 (1)

1

1

1

1

1

1

15 ng/mL P4 (15)

15

15

15

15

15

15

50 ng/mL P4 (50)

50

50

50

50

50

50

0 ng/mL P4 (0)

Figure 2.1 Image depicting endometrial EPI and SF cell isolation and treatment. Cells were isolated from
midluteal bovine reproductive tracts. After a series of enzymatic digestion and filtrations, isolated SF
(blue) and EPI (yellow) cells were plated in T75 flasks and cultured until 90-100% confluent. Cells were
plated in 24 well plates and allowed to attach for 24 h before treating with RPMI, 2% FBS, 1% ABAM
and either 0, 1, 15, or 50 ng/mL of P4 for 12 h. Cell mRNA and cell conditioned media were isolated after
the 12 h treatment.
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Figure 2.2 Quantitative real-time PCR analysis of SLC1A1 expression between bovine endometrial EPI
and SF cells. Expression is relative to the geometric mean of two control genes, BACT and RNF11. Data
are presented as LSM ± SEM. Compared to EPI, SF had less expression of SLC1A1 (P < 0.01).
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Figure 2.3 Quantitative real-time PCR analysis of SLC5A6 expression between bovine endometrial EPI
and SF cells. Expression is relative to the geometric mean of two control genes, BACT and RNF11. Data
are presented as LSM ± SEM. Compared to SF, EPI had greater expression of SLC5A6 (P < 0.05).
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Figure 2.4 Quantitative real-time PCR analysis of SLC7A1 expression between bovine endometrial EPI
and SF cells. Expression is relative to the geometric mean of two control genes, BACT and RNF11. Data
are presented as LSM ± SEM. Compared to EPI, SF had less expression of SLC7A1 (P < 0.05).
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Figure 2.5 Quantitative real-time PCR analysis of PGR expression between bovine endometrial EPI and
SF cells. Expression is relative to the geometric mean of two control genes, BACT and RNF11. Data are
presented as LSM ± SEM. Compared to EPI, SF had greater expression of PGR (P < 0.01).
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Figure 2.6 Quantitative real-time PCR analysis of OXTR expression between bovine endometrial EPI and
SF cells. Expression is relative to the geometric mean of two control genes, BACT and RNF11. Data are
presented as LSM ± SEM. Compared to SF, EPI had greater expression of OXTR (P < 0.01).
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Figure 2.7 Quantitative real-time PCR analysis of PRSS23 expression between bovine endometrial EPI
and SF cells. Expression is relative to the geometric mean of two control genes, BACT and RNF11. Data
are presented as LSM ± SEM. There were no significant differences between EPI and SF PRSS23
expression (P > 0.05).
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Figure 2.8 Quantitative real-time PCR analysis of NID2 expression between bovine endometrial EPI and
SF cells. Expression is relative to the geometric mean of two control genes, BACT and RNF11. Data are
presented as LSM ± SEM. Compared to EPI, SF had greater expression of NID2 (P < 0.01).
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Figure 2.9 Quantitative real-time PCR analysis of CTGF expression between bovine endometrial EPI and
SF cells. Expression is relative to the geometric mean of two control genes, BACT and RNF11. Data are
presented as LSM ± SEM. Compared to EPI, SF had greater expression of CTGF (P < 0.01).
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Figure 2.10 Quantitative real-time PCR analysis of FGF2 expression between bovine endometrial EPI
and SF cells. Expression is relative to the geometric mean of two control genes, BACT and RNF11. Data
are presented as LSM ± SEM. Compared to EPI, SF had greater expression of FGF2 (P < 0.01).
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Figure 2.11 Quantitative real-time PCR analysis of FGF7 expression between bovine endometrial EPI
and SF cells. Expression is relative to the geometric mean of wo control genes, BACT and RNF11. Data
are presented as LSM ± SEM. Compared to EPI, SF had greater expression of FGF7 (P < 0.05).
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Figure 2.12 Quantitative real-time PCR analysis of INFAR-2 expression between bovine endometrial EPI
and SF cells. Expression is relative to the geometric mean of two control genes, BACT and RNF11. Data
are presented as LSM ± SEM. Compared to SF, EPI had greater expression of INFAR-2 (P < 0.05).
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Figure 2.13 Quantitative real-time PCR analysis of FOXA2 expression between bovine endometrial EPI
and SF cells. Expression is relative to the geometric mean of two control genes, BACT and RNF11. Data
are presented as LSM ± SEM. Between SF, EPI had greater expression of FOXA2 (P < 0.05).
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Figure 2.14 Quantitative real-time PCR analysis of FGF7 expression under P4 stimulation with both
endometrial EPI and SF cell types. Expression is relative to the geometric mean of two control genes,
BACT and RNF11. Data are presented as LSM ± SEM. Between both SF and EPI, P4 downregulated
FGF7 expression (P < 0.05).
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Figure 2.15 Quantitative real-time PCR analysis of INFAR-1 expression under P4 stimulation between
both endometrial EPI and SF cell types. Expression is relative to the geometric mean of two control
genes, BACT and RNF11. Data are presented as LSM ± SEM. Compared to treated EPI cells and all SF
cells, CON treated EPI expressed greater INFAR-1 (P < 0.05).
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Chapter III: Effect of Endometrial Cell Conditioned Media on In Vitro Cultured Bovine Embryo
Development and Gene Expression
Abstract
In vitro embryo production (IVP) in cattle can improve herd genetics. Unfortunately, IVP embryos have
an altered biochemistry and reduced development compared to in vivo derived embryos. Techniques that
improve IVP embryo development are necessary. In vivo, luteal progesterone (P4) stimulates uterine
epithelial (EPI) and stromal fibroblast (SF) cells to secrete molecules that support embryonic
development. We hypothesized that P4 stimulated bovine EPI and SF cell conditioned media (CM) can
improve in vitro cultured embryo development. Endometrial EPI and SF cells were isolated from bovine
uteri and plated, separately, in 24 well plates. Once confluent, the cells were cultured for 12 h in 1 mL of
Rosewell Park Memorial Institute medium supplemented with 2% FBS, 1% ABAM and 15 ng/mL of P4
at 38.5°C in 5% CO2 and atmospheric O2. Non-conditioned medium (N-CM) was prepared by adding the
supplemented medium to wells without cells. Four treatments were developed: 1) N-CM, 2) EPI-CM, 3)
SF-CM and 4) a combined SF-CM and EPI-CM treatment (1:1; SF/EPI-CM). A standard IVP system was
used to generate bovine embryos. On Day 4 of development, an equal number (at least 10) of 16-32 cell
embryos were transferred into treatments. On Days 7 and 8, blastocyst development (percentage), embryo
stage (6-9 or normal-hatched) and quality (1-4 or high-poor quality) was assessed. On Day 8, two
expanded blastocysts from each treatment were collected for RT-qPCR. The experiment was conducted as
a randomized block design and repeated nine times (different oocyte collections) with a total of 117
embryos per treatment. A GLIMMIX procedure in SAS was used to analyze the development, stage, and
quality data and a GLM procedure to analyze log-transformed relative gene expression data. Day of
oocyte collection was considered a random variable. Contrasts were used to compare CM to the N-CM.
Blastocyst quality was not affected by treatment. However, on Day 7, compared to N-CM (27.7 ± 3.5),
there was a greater percentage of blastocysts in the EPI-CM (37.3 ± 3.48; P < 0.05) and SF-CM (34.7 ±
3.5; P = 0.05) and a tendency for a greater percentage of blastocysts in the SF/EPI-CM (36.0 ± 3.5; P =
0.07). On Day 8, there was a greater percentage of blastocysts in the EPI-CM (40.9 ± 4.6) compared to

48

the N-CM (31.1 ± 2.5; P < 0.05). Compared to embryos in the N-CM on Day 7 (6.5 ± 0.1) and 8 (6.80 ±
0.1), embryos in the EPI-CM on Day 7 (6.3 ± 0.1; P < 0.05) and SF-CM on Day 8 (6.7 ± 0.1; P = 0.01)
were less advanced in stage. Blastocyst expression of IFNT, IL-6, LGALS1, PTGS2, STAT3, STAT5B, and
PPIA was not different, however, expression of LIF, an important embryokine, was greater in blastocysts
cultured in the SF/EPI-CM (1.2 ± 0.3) compared to the N-CM (0.4 ± 0.3; P < 0.05). Importantly,
endometrial cell CM may improve IVP bovine embryo development.
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Introduction
In vitro production and transfer of bovine embryos has grown by over 300% in the last decade
(Lamb et. al 2016). Not only is IVP beneficial for assisting livestock producers in preservation and
progression of elite traits, but it is also used for research into early embryonic development in order to
derive solutions for fertility challenges in animals and humans as well as conservation of endangered
species. However, IVP embryos are lower quality compared to their in vivo derived (IVD) counterparts.
This has been observed in the morphology, biochemistry, expression of developmentally imperative
genes, and sensitivity to cryopreservation of these embryos (Hansen, 2002; Gordon, 2003; Rizos et al.,
2008; Gad et al., 2012). Consequently, IVP embryos have a higher rate of early embryonic death (loss
prior to Day 28) compared to IVD embryos in both beef and dairy cattle (Farin et al., 2001; Siqueira et al.,
2009; Pontes et al., 2011). Furthermore, IVP embryos have reduced blastocyst yields and ultrastructural
differences impacting quality (Rizos et al., 2002a). Consequently, IVP embryos have reduced pregnancy
rates compared to IVD embryos. Despite that 70-80% of in vitro matured and fertilized oocytes undergo
blastomere cleavage, the resulting blastocyst development rate in vitro is a mere 20-30%. These
consequences could partially be attributed to the fact that IVP embryos are not exposed to the oviduct or
uterine environment until transfer at Day 6 or 7. In vivo, the embryo migrates out of the oviduct and into
the uterus on Day 4 of development in the bovine. During this time, P4 from the corpus luteum (CL)
stimulates uterine luminal and glandular epithelial (EPI) cells and stromal fibroblast (SF) cells to secrete
developmentally important molecules, collectively known as histotroph, that are embryotrophic (Rizos et
al., 2002a; Forde and Lonergan, 2012; Mullen et al., 2014). In vitro produced bovine embryos transferred
into heifers that previously received a P4 releasing intravaginal device three days prior to transfer were
four times longer than embryos transferred into heifers with normal P4 profiles, indicating a benefit of the
P4 stimulated environment prior to IVP embryo transfer (Clemente et al., 2009).Without prior exposure to
endometrial histotroph, transferred IVP embryos may be limited in establishing a successful pregnancy.
Current IVP embryo culture systems lack additional embryotrophic benefits that the in vivo
environment possesses (Massip et al., 1995). Additionally, some IVP embryo mediums have been
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associated with lethal issues in offspring, including increased placentation problems, postnatal mortality,
and large offspring syndrome (Galli et al., 2003; Farin et al., 2006). To mitigate these negative effects,
both a co-culture system with various cell types and cell conditioned media have been shown to improve
embryo development rate and viability in culture. Specifically, co-culture of bovine uterine fibroblasts
with in vivo derived bovine demi-blastocysts improved viability in culture. When compared to Ham’s F10
medium alone, IVD demi-embryos cultured in Ham’s F10 medium on a monolayer of bovine uterine
fibroblast cells had higher blastocyst numbers after 72 hours in culture (Kuzan and Wright Jr, 1982).
Other cell types used to condition IVP embryo medias include buffalo rat liver (BRL) cells, bovine
oviductal epithelial cells (BOEC), and bovine testicular fibroblast cells (Kuzan and Wright 1982;
Vansteenbrugge et al., 1994). Utilization of cell conditioned medias limits challenges involved with coculture, including removal of confounding factors from cell culture and media to be preserved and used at
a later date. Specifically, bovine embryos cultured in BRL conditioned medium without the presence of
serum were higher quality compared to embryos cultured in DMEM/F12 medium without cell
conditioning (Vansteenbrugge et al., 1994). Furthermore, Eyestone and First (1989) showed that there
were no differences between bovine embryo development when cultured in the presence of bovine
oviductal epithelial cells or BOEC conditioned medium, thus providing evidence that cell secretions
during conditioning can provide a suitable embryotrophic environment.
In addition to morphological and biochemical differences between IVD and IVP embryos, IVP
embryos also differ in expression of developmentally important genes responsible for early
developmental processes and successful establishment of pregnancy (Lonergan et al., 2003b). Interferontau (IFNτ) functions as the maternal recognition of pregnancy signal in ruminants and inhibits luteolytic
mechanisms (Spencer and Hansen, 2015). Furthermore, addition of fibroblast growth factors (FGF) in
embryo culture medium stimulates IFNτ production in IVP bovine embryos (Yang et al., 2011).
Interleukin-6 (IL-6) and leukemia inhibitory factor (LIF) are pro-inflammatory cytokines that serve as
embryokines, which are factors that promote embryonic development. Supplementing both IL-6 and LIF
promote primitive endoderm development in IVP bovine embryos (Wooldridge and Ealy, 2021a;
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Wooldridge and Ealy, 2021b). Considering the importance of a P4 stimulated endometrial environment in
development of the early conceptus and that cell conditioned medias have shown potential in improving
IVP embryo development, our hypothesis is that P4 stimulated endometrial cell conditioned medias will
improve IVP bovine embryo development compared to non-conditioned medium. Thus, the objective of
this study was to test the effect of P4 stimulated bovine endometrial EPI cell and SF cell conditioned
media on IVP bovine embryo development and gene expression.
Materials and Methods
Chemicals and reagents were purchased from MilliporeSigma (St. Louis, MO) unless denoted
otherwise.
In Vitro Maturation, Fertilization and Culture of Bovine Embryos
The IVP of bovine embryos and associated media preparations were described by (Rispoli et al.,
2011) (Figure 3.1). Briefly, bovine cumulus-oocyte complexes (COCs) were isolated from ovaries
collected from a local abattoir (Southeastern Provisions, Bean Station, TN). Only COCs with
homogenous cytoplasm and a compact cumulus layers were placed into maturation medium consisting of
Medium-199 with Earle’s Salts, 10% FBS, 50 µg/mL gentamicin, 5.0 µg/mL of FSH (Follotropin-V,
Vetrepharm Canada, Inc), and 0.2 nM sodium pyruvate, and 2 mM L-glutamine. The COCs were matured
for 24 h at 38.5°C in 5.5% CO2, and 21% O2 before fertilization with the addition of 7.5 X 105 frozenthawed sperm collected from a bull with proven fertility (Parrish et al., 1986; Parrish et al., 1988).
Cumulus and associated sperm cells were washed from the presumptive zygotes (PZ) by vortexing for 4
minutes with HEPES-TALP containing 0.3 mg/mL of hyaluronidase approximately 18 h post
insemination (hpi). The PZs were then cultured in groups of 20-30 in 500 µL of potassium simplex
optimized medium (KSOM) at 38.5°C in 5.5% CO2, and 7% O2 in 4 well plates. The KSOM was prepared
based off of methods described by (Biggers et al., 2000) but with the addition of 0.5% BSA, 10mM
glycine, 1mM L-glutamine, 1X nonessential amino acids, 50 U/mL of penicillin, and 50 µg/mL of
streptomycin. Cleavage was assessed 72 hpi (Day 3) when embryos were supplemented with 1X BME
essential amino acids (Sigma).
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Endometrial Cell Conditioned Media and IVP Embryo Treatment
Bovine endometrial cell conditioned (CM) and non-cell conditioned media (N-CM) were
produced during a previous study (See Chapter II). Briefly, 1 mL of RPMI media containing 2% FBS, 1%
ABAM and 15 ng of P4 was added to empty wells (non-conditioned medium; N-CM) or monocultures of
primary endometrial fibroblast (SF) or epithelial (EPI) cells (plated at 1 X 105 cells per well; three wells
per cell type) in 24 well plates. Endometrial cells from 4 different animals were used, resulting in three
wells per cell type per animal were used to produce the conditioned medias. Uteri were collected during
the mid-luteal phase of the estrous cycle using CL characterization methods described by (Ireland et al.,
1980). The medium was allowed to incubate in the empty wells or with the cells for 12 h at 38.5°C in
5.5% CO2, and 21% (atmospheric) O2. The next day, the N-CM or epithelial cell conditioned medium
(EPI-CM) or stromal fibroblast cell conditioned medium (SF-CM) from the three wells were combined
(sub-pool), centrifuged at 3000 x g for 15 min at 4°C and supernatant frozen at -80°C. The N-CM, SF CM or EPI-CM sub-pools, were thawed, pooled to make stock treatment medias, re-aliquoted and frozen
at -80°C until treatment. Before the stock treatment medias were frozen, an additional conditioned
medium treatment was prepared by combining the SF-CM and EPI-CM (1:1) (SF/EPI-CM). On day of
embryo treatment (Day 4 of development), equal numbers (10-15) of 16-32 cell embryos were washed in
500 µL of HEPES-TALP followed by a wash in 500 µL of treatment medium before finally placed in 500
µL of 1) N-CM, 2) SF-CM, 3) EPI-CM or 4) SF/EPI-CM. Embryos were also placed in 500 µL of KSOM
(standard control medium) supplemented with 1X BME essential amino acids. All medias were preincubated for 1 h at 38.5°C in 5.5% CO2, and 7% O2 before addition of embryos. The experiment was
repeated nine times (nine different oocyte collections) and included a total of 117 embryos per treatment.
Sample Collection
Blastocyst development, embryo quality, and embryo stage was assessed on Days 7 and 8 of
development (3 and 4 days after treatment, respectively). Blastocyst rate was determined by assessing the
number of blastocysts that developed over the number of 16-32 cell embryos in each well. Stage was
determined by assigning the embryos a score of 5 (compact morulae) to 9 (hatched blastocyst). Quality
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was assessed using methods by (Schrock et al., 2007). Briefly, embryos were graded on a scale of 1 to 4,
with 1 being superior, 2 being good, 3 being mediocre, and 4 being degenerate. On Day 8 of
development, pictures of the embryos were taken with a Nikon microscope (SMZ800) and subsequently
used to measure blastocyst diameter using the NIH Image J software. After the images were taken, two
expanded blastocysts (quality score 1) were collected from each treatment and snap frozen together in
liquid nitrogen until mRNA isolation and cDNA synthesis. Blastocyst mRNA was isolated using the
Dynabead DIRECT mRNA Kit following the manufacturers recommendations but with modifications as
described by (Huffman et al., 2012). Before mRNA isolation, to control for variation in mRNA isolation
between samples, 1 µL (1 ng/mL) of luciferase mRNA (Promega, Madison, WI) was added to each
sample. Blank control samples (no embryos) were also included. After cDNA synthesis and during RTqPCR, level of luciferase cDNA was measured and used to normalize the target gene expression data (see
below).
Blastocyst cDNA synthesis and RT-qPCR
Embryo and luciferase cDNA was synthesized using the High-Capacity cDNA Reverse
Transcription (RT) Kit following manufacturer’s recommendations (Applied Biosystems). Briefly, a 20
µL RT reaction was carried out after adding 10 µL of the High-Capacity kit master mix, containing 1 µL
of an RNAse inhibitor (RNAse Out; Invitrogen), to each mRNA and blank sample. The RT-qPCR was
performed as described in Chapter II, however, using 1 µL of cDNA sample and 19 µL of SYBR Green
master mix (Applied Biosystems) per reaction. Further, luciferase expression was used to normalize
expression of interferon-tau (IFNτ,) interleukin-6 (IL-6), leukemia inhibitory factor (LIF), galectin-1
(LGALS1), signal transducer and activator of transcription 3 (STAT3), signal transducer and activator of
transcription (STAT5B), prostaglandin synthase 2 (PTGS2) and peptidylprolyl isomerase A (PPIA) using
the delta delta Ct method (∆∆CT) (Livak and Schmittgen, 2001). The resulting relative gene expression
data represents treated embryos from 8 different collections (n=8/treatment). Previously published primer
sequences used to measure target gene expression and corresponding amplicon sizes are presented in
Table 3.1. The luciferase primer was designed using the luciferase mRNA sequence and Primer 3 plus
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program. Dissociation curves were included following amplification of luciferase and target genes and
amplicon sizes were validated using gel electrophoresis. All samples, including blank control samples and
no template controls (water in place of cDNA sample), were assayed on a single RT-qPCR plate for each
target gene. Treated embryo relative gene expression data was log10 transformed prior to statistical
analysis.
Statistical Analyses
A PROC UNIVARIATE (SAS 9.4, Cary, NC) was used to confirm normality (Shapiro-Wilk >
0.90). Blastocyst development rates were analyzed in a randomized block design blocking on replicate
(day of oocyte collection) with Gaussian distribution, adjusting for variance across treatments using
PROC GLIMMIX (SAS 9.4). Similar methods were used to analyze blastocyst stage and quality. A
PROC GLM was used (SAS 9.4) to analyze log-transformed relative gene expression data, with day of
oocyte collection being considered a random variable. Contrasts were used to compare N-CM to the SFCM, EPI-CM, and SF/EPI-CM to make a priori comparisons. Data are presented as non-transformed least
squares means ± standard error of the least squares means (LSM ± SEM). Statistical significance was
declared at P < 0.05.
Results
Day 7 and Day 8 IVP Bovine Embryo Development, Stage, and Diameter
Blastocyst development from 16-32 cell embryos on Day 7 post IVF was greater in EPI-CM (P <
0.05; Table 3.2 and Figure 3.2) compared to the N-CM. Compared to EPI, SF-CM and SF/EPI-CM were
intermediate (P = 0.06; Table 3.2 and Figure 3.2) on Day 7 of development. Stage was similar among
treatments (P > 0.05), but blastocysts treated in the EPI-CM were less advanced compared to the N-CM
(P < 0.05; Table 3.2 and Figure 3.3). By Day 8, blastocyst development was similar among treatments (P
> 0.05), but EPI-CM development rates remained greater compared to the N-CM (P < 0.05; Table 3.2 and
Figure 3.4). Those embryos that did not develop to blastocysts had a similar stage (P = 0.08), with
SF/EPI-CM treated embryos being less advanced than N-CM (P < 0.05; Table 3.2 and Figure 3.5). Day 8
blastocyst quality (P > 0.05; Table 3.2) and diameter (P > 0.05; Table 3.2) were similar among treatments.
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Day 8 Bovine Blastocyst Relative Gene Expression
Quantitative real-time PCR was used to assay relative expression of genes indicative of embryo
quality, specific factors important for early embryonic development as well as genes responsible for
cellular development mechanisms, including IFNτ, responsible for maternal recognition of pregnancy in
ruminants and embryokines IL-6 and LIF, both of which have been shown to improve IVP embryo quality
when supplemented in culture. No significant differences in expression of IFNτ, IL-6, LGLAS1, PTGS2,
STAT3, STAT5B, and PPIA were observed in Day 8 blastocysts between the treatments (P < 0.05; Table
3.3 and Figures 3.6, 3.7, 3.8, 3.10, 3.11, 3.12 and 3.13). However, expression of LIF, an important
mammal embryokine, was greater in blastocysts cultured in the SF/EPI-CM compared to embryos
cultured N-CM, SF-CM, and EPI-CM (P < 0.05; Table 3.3 and Figure 3.9).
Discussion
The aim of this study was to assess the effect of bovine endometrial cell conditioned media on
IVC bovine embryo development rate, quality, and expression of developmentally important genes. Major
findings from this study were 1) culturing IVP bovine embryos in endometrial cell CM (SF-CM, EPI-CM,
or SF/EPI-CM) increased blastocyst development compared to N-CM by Day 7, 2) culturing IVP bovine
embryos in EPI-CM maintained greater blastocyst development compared to N-CM until Day 8, and 3)
expression of LIF, and important embryokine, was greater in blastocysts cultured in a combination of
endometrial EPI and SF conditioned medias (SF/EPI-CM) compared to the N-CM.
A wide variety of cell co-culture systems and conditioned medias have been tested for their
potential to improve IVP embryo development. However, few studies have tested the effect of bovine
endometrial cell co-culture or conditioned medias on IVP embryo development. During a study by Kuzan
and Wright, (1982), in vivo derived porcine blastocysts were obtained from gilts and cultured in minimal
essential medium alone (MEM), on a monolayer of fetal bovine fibroblast cells in MEM, on a monolayer
of bovine testicular fibroblasts in MEM, or in MEM conditioned with bovine uterine fibroblast cells. The
investigators found that the monolayer of bovine uterine fibroblast cells created the most optimal
environment in vitro and resulted in higher numbers of hatched blastocysts (Kuzan and Wright 1982).
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Furthermore, mediums conditioned by epithelial cells collected from the oviducts and other origins have
been used to successfully used to improve in vitro embryo culture conditions. Specifically, IVP bovine
embryos cultured in either buffalo rat liver (BRL) or bovine oviductal epithelial cell (BOEC) conditioned
medium without serum led to a greater number of blastocysts with higher cell numbers after 8 days in
culture when compared to standard culture media alone (Vansteenbrugge et al., 1994). During our study,
culturing IVC bovine embryos in endometrial EPI-CM increased blastocyst development rate by Day 7
compared to N-CM. While SF-CM and SF/EPI-CM development was intermediate, results still suggest
beneficial implications for IVC of bovine embryos in cell conditioned media. Furthermore, EPI-CM had
greater development compared to N-CM by Day 8, implicating potential specific benefits of endometrial
EPI cell secretions for early IVP embryo development.
Expression of IFNτ, a type 1 interferon and the maternal recognition of pregnancy signal in
ruminants, was not different between treatments in this study. In cattle, conceptus derived IFNτ disrupts
endometrial pulse secretion of PGF2α that would otherwise cause regression of the CL of which is
necessary to maintain pregnancy. The critical period for conceptus IFNτ secretion is between Days 16 and
17 of pregnancy in cattle. Importantly, insufficient growth of the conceptus and IFNτ secretion is thought
to be a contributor of pregnancy failure in cattle (Baez et al., 2017). It was reported that IVD bovine
embryos secrete more IFNτ compared to IVP embryos (Stojkovic et al., 1999). Interestingly, in a study by
Lonergan et al. (2003), IVP bovine embryos cultured in SOF alone had greater expression of IFNτ on
Days 6 and 7 compared to IVP embryos cultured in ligated ewe oviducts (Lonergan et al., 2003b). Earlier
expression of IFNτ may inhibit embryonic development and conceptus elongation or is indicative of
compromised development. In vitro produced blastocysts that develop earlier in culture (Days 6 and 7)
produce less IFNτ compared to blastocysts that develop on days 9 and 10 (Kubisch et al., 1998). In vitro
produced embryos cultured in the absence of serum produce more IFNτ compared to embryos cultured in
the presence of serum (Wrenzycki et al., 1999; Rizos et al., 2003). Considering the confounding effects of
serum on IVP embryos and pregnancies, the presence of serum could also compromise early embryonic
developmental mechanisms that further inhibit pregnancy establishment. While more IFNτ expression has
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been shown to be an indicator of embryo quality and potential for successful pregnancies, premature
expression from current IVP culture systems could over- accelerate blastocyst development competency
(Kubisch et al., 1998).
Activated by receptor associated janus associated kinases (JAK), the signal transducer and
activators of transcription (STAT) family are a group of transcription factors responsible for a variety of
cell activities (Takeda and Akira, 2000). Activation of STAT3 has been shown to promote cell
proliferation and inhibit cell apoptosis (Rovani et al., 2017). Importantly, Khatib et al. (2009), reported
that interactions between activated STAT1 and STAT3 can contribute to early embryonic survival in
cattle (Khatib et al., 2009). Expression of STAT3 is associated with ICM development in bovine embryos
(Meng et al., 2015). In support of this, inhibition of JAK results in reduced ICM development in IVP
bovine blastocysts (Meng et al., 2015). Activation of STAT5B has also been shown to reduce apoptosis
and promote ICM development in mice (Nakasato et al., 2006). In a study investigating the effect of Vero
cells and bovine oviductal epithelial cell co-culture systems on IVP bovine embryo transcriptomes,
STAT5B expression did not differ between the two culture systems (Carvalho et al., 2017). No significant
differences were observed in expression of STAT3 and STAT5B expression between treatments.
Similar to other developmentally important genes, expression of LGALS1 was not different
between in embryos cultured in N-CM, SF-CM, EPI-CM, and SF/EPI-CM. Galectin-1 (LGALS1)
belongs to a family of ß-galactoside binding proteins that play imperative roles in cancer, inflammation
and immunological mechanisms (Leffler et al., 2002). Specifically, LGALS1 is expressed in human and
rodent trophectoderm and has been shown to provide maternal immune tolerance to conceptus tissues
through multiple mechanisms within the endometrium including activation of tolerogenic dendritic cells,
a shift from pro-inflammatory Th1 to anti-inflammatory Th2 cytokine expression and proliferation of
regulatory T cells (Blois et al., 2007; Tirado-González et al., 2012). Importantly, Tirado-Gonzales et al.
(2012) found that serum LGALS1 levels were lower in women that had a spontaneous abortion in their
first trimester, thus implicating LGALS1’s potential for predicting pregnancy outcomes (Tirado-González
et al., 2012). Little information is available on the function of LGALS1 during early pregnancy in cattle.
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Considering the importance of LGALS1 in other species, studies investigating its function during early
pregnancy in cattle could be beneficial.
Prostaglandin synthase 2, otherwise known as cyclooxygenase 2 (COX2) is responsible for
prostaglandin formation through metabolism of arachidonic acid and conversion to prostaglandin E (PGE)
synthases (Arosh et al., 2002). In vivo derived bovine embryos metabolize the majority of arachidonic
acid to PGE2 during culture for 15 hours after recovery (Hwang et al., 1988). Specifically, PGE2 has been
shown to play essential roles in pregnancy establishment. In bovine endometrial cells, PTGS2 and PGE2
production was increased by recombinant IFNτ (Asselin et al., 1997). Furthermore, when comparing
expression between developmental stages of IVP bovine embryos, PTGS2 expression is greater at the
blastocyst stage compared to morulae stage embryos (Saint-Dizier et al., 2011). In sheep, PTGS2 was
expressed the highest during the attachment period (Days 8 to 17), and was found to be dependent on
developmental period of the embryo (Charpigny et al., 1997). During a study that included biopsy of Day
7 IVP bovine blastocysts before transfer, embryos that resulted in a successful pregnancy had greater
expression of PTGS2 at biopsy (El-Sayed et al., 2006). Similar to other genes observed, there were no
differences in PTGS2 expression of blastocysts cultured in N-CM or cell CM.
The gene PPIA is a constitutively expressed gene associated with protein synthesis and
cytoskeleton formation and is commonly used as a reference gene during RT-qPCR experiments
(Goossens et al., 2005). In a study comparing reference gene expression between in IVP and somatic cell
nuclear transfer (SCNT) bovine embryos, expression of PPIA was not different between the two types of
embryos (Ross et al., 2010). No significant differences in PPIA expression between embryos cultured in
cell CM or N-CM. It was reported that, depending on the type of tissue or treatment, that PPIA expression
can vary (Janovick-Guretzky et al., 2007). Specifically, when dairy cattle were fed diets of varying energy
content, PPIA expression was affected in bovine liver tissue across all treatments (Janovick-Guretzky et
al., 2007).
Interluekin-6 and LIF are members of the IL-6 family of cytokines that promote cell
differentiation, proliferation, and survival (Heinrich et al., 2003). Supplementation of IL-6 to IVP bovine
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embryo culture improves blastocyst ICM formation (Wooldridge and Ealy, 2019). Considered an
embryokine in the context of early pregnancy, IL-6 modulates primitive endoderm development and
improves post-transfer development of the IVP bovine embryos (Seekford et al., 2021). In this study,
embryos cultured in SF-CM, EPI-CM, and SF/EPI-CM had similar expression of IL-6 compared to
blastocysts cultured in N-CM. Considering IL-6 is an indicator of embryo quality and IL-6
supplementation during IVP embryo culture supports development post embryo transfer, detection of IL-6
in pre-transferred embryo biopsies or co-culture media may be used to predict pregnancy success
following transfer.
Leukemia inhibitory factor is a cytokine that plays roles in cell differentiation. Furthermore it also
plays imperative roles in implantation, as seen when LIF knockout mice failed to have blastocyst
implantation and successful pregnancies (Stewart et al., 1992). In buffalo, LIF has shown to be expressed
from the 8-16 cell stage embryo, morulae and blastocysts (Eswari et al., 2013). Compared to IVD bovine
embryos, IVP bovine embryos have shown to have higher expression of LIF (Eckert and Niemann, 1998;
Lonergan et al., 2003b). Similar to IL-6, LIF is considered an embryokine and supplementation of LIF to
IVP bovine embryo cultures has been shown to improve IVP embryo development and cryotolerance.
During a study by Stoecklein et al. (2021), supplementation of LIF in combination with FGF2, and
insulin-like growth factor-1 (IGF1) to oocytes cultured in OMM and embryos cultured in SOF increased
the number of oocytes that reached meiosis II and blastocyst development and survival after
cryopreservation, respectively (Stoecklein et al., 2021). Further, supplementing LIF to IVP bovine
embryos cultured in SOF improved blastocyst development rate compared to SOF alone (Wooldridge and
Ealy, 2021b). Notably, in our study, IVP bovine embryos cultured in the combined endometrial cell
conditioned media (SF/EPI- CM) had greater expression of LIF compared to embryos cultured N-CM,
suggesting that bovine endometrial EPI and SF secretions, combined, may be needed to stimulate
maximum LIF expression in the early bovine blastocyst. Considering its imperative role in embryo cell
differentiation and implantation, LIF expression in IVP bovine blastocysts may also be predictive of
developmental competency and pregnancy success, similar to IL-6.
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To conclude, IVP bovine embryos are developmentally inferior to their IVD counterparts. This
may be partially because IVP embryos are not cultured in important endometrial derived factors
stimulated by P4, the hormone of pregnancy. This study tested the effect of P4 stimulated bovine
endometrial cells conditioned media on IVP bovine embryo development. Compared to N-CM (27.7%),
embryos cultured in SF-CM (34.7%) and EPI-CM (37.3%) had greater development rate by Day 7. In
addition, there was a tendency for higher amounts of blastocysts in SF/EPI-CM (36%). By Day 8, EPICM (40.9%) had a greater percentage of blastocysts compared to N-CM (31.1%). Furthermore, bovine
embryos cultured in the combined endometrial EPI and SF cell conditioned medium had greater
expression of LIF, an important embryokine, compared to the N-CM. Future studies should be designed
to test if bovine endometrial cells can be cultured in the standard embryo culture media (KSOM or SOF)
and if conditioning by endometrial EPI and SF cells can increase embryo development and quality over
non-conditioned standard media. Considering that only 20-30% of fertilized bovine oocytes reach the
blastocyst stage during IVP, studies designed to test assisted reproductive technologies that could
improve blastocysts rates in cattle and other species are valuable.
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Table 3.1 GenBank accession number, gene name, primer direction, primer sequence, amplicon size,
amplification efficiency and source of primer of cDNAs amplified during real-time quantitative
polymerase chain reactions (RT-qPCR).
GenBank Acc.
Number

Gene

Primer

Primer Sequence 5’-3’

Product
Size
(bp)

Am
pE
(%)

Source

NM_175782.1

IFNτ

For.

GTGGCCGCAGACGCCAAGAG

99

90

Michael et al., (2006)

Rev.

ACGTCCCCATGCGCGTTGAAA

For.

CGCATGGTCGACAAAATCTCT

61

102

Mathew et al., (2019)

Rev.

GCTGCTTTCACACTCATCATTCTT

For.

GTGGCCGCAGACGCCAAGAG

98

93

Mathew et al., (2019)

Rev.

ACGTCCCCATGCGCGTTGAAA

For.

GGGACAACTCAACAGCAGTG

91

96

Chaney et al., (2021)

Rev.

GCACAGCTTGTCCAGGTTG

For.

CTCTCCCCACTTCTGCCAAG

118

96

Tscherner et al.,
(2018)

Rev.

AGGGGTCACAACTGCTGCTC

For.

GTTTCGTGAACAAGCAGGC

148

105

Tong et al., (2017)

Rev.

GGCATCAGATTCCAAAACATTCTTTCC

For.

ATCTACCCGCCTCATGTTCCT

187

100

Clemente et al.,
(2009)

Rev.

GGATTAGCCTGCTTGTCTGGA

For.

CATACAGGTCCTGGCATCTTGTCC

108

--

Passaro et al., (2018)

Rev.

CACGTGCTTGCCATCCAACC

NM_173923.2

NM_17582.1

XM_015475541.2

NM_001012671.2

NM_174617.4

NM_174445.2

NM_178320

IL-6

LGALS1

LIF

STAT3

STAT5B

PTGS2

PPIA
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Table 3.2 Day 7 and Day 8 IVP bovine embryo blastocyst development, embryo quality, embryo stage
and Day 8 blastocyst diameter between N-CM, SF-CM, EPI-CM, SF/EPI-CM and KSOM culture
treatments. Data are presented as LSM ± SEM. Significance was declared at P < 0.05.
Treatment

Day 7
Development

Day 7
Stage

Day 8
Development

Day 8
Stage

Day 8
Quality

Day 8
Diameter (µm)

N-CM

27.7 ± 3.5

6.5 ± 0.1

31.1 ± 2.6

6.8 ± 0.1

2.01 ± 0.2

120.23 ± 3.8

SF-CM

34.7 ± 3.5

6.3 ± 0.1

35.4 ± 3.4

6.7 ± 0.1

1.79 ± 0.2

119.7 ± 3.7

EPI-CM

37.3 ± 3.5

6.3 ± 0.1

40.9 ± 4.2

6.7 ± 0.1

1.97 ± 0.1

125.0 ± 3.7

SF/EPI-CM

36 ± 3.5

6.3 ± 0.1

35.8 ± 2.6

6.5 ± 0.1

2.11 ± 0.2

121.9 ± 3.7

KSOM

28.1 ± 3.5

6.5 ± 0.1

46.5 ± 4.0

6.9 ± 0.1

1.6 ± 0.1

128.8 ± 3.5

P- Value

P = 0.06

NS

NS

NS

NS

NS
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Oocyte Collection

Denuding

Fertilization

Cleavage Assessment

16-32 Cell Embryo Treatment

KSOM N-CM SF-CM

EPI-CM SF/EPI-CM

16-18 h

24 h
Day -1

Day 0

72 h
Day 1

Day 3

Day 4

Figure 3.1 Timeline depicting IVP processes and 16-32 cell embryo treatment. Bovine ovaries were
aspirated and COCs were matured for 24 hours. After fertilization on Day 0, cumulus cells and associated
spermatozoa were removed during denuding. Cleavage of 8-16 cell embryos was assessed on Day 3, and
16-32 cell embryos were treated on Day 4 of development.
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Figure 3.2 Day 7 IVP Blastocyst development between embryo treatments. Data are presented as LSM ±
SEM. When compared to N-CM, SF-CM (P = 0.05), EPI-CM (P = 0.03), and SF/EPI-CM (P = 0.07) had
greater blastocyst development. KSOM was used as an IVC control and was not included in the statistical
analysis.
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Figure 3.3 Day 7 IVP Blastocyst stage between embryo treatments. Data are presented as LSM ± SEM.
When compared to N-CM, embryos cultured EPI-CM (P < 0.05) were not as advanced. KSOM was used
as an IVC control and was not included in the statistical analysis.
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Day 8 Blastocyst Development
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Figure 3.4 Day 8 IVP Blastocyst development between embryo treatments. Data are presented as LSM ±
SEM. When compared to N-CM, EPI-CM (P = 0.04) had greater blastocyst development. KSOM was
used as an IVC control and was not included in the statistical analysis.
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Figure 3.5 Day 8 IVP Blastocyst stage between embryo treatments. Data are presented as LSM ± SEM.
When compared to N-CM, embryos cultured SF/EPI-CM (P = 0.01) were not as advanced. KSOM was
used as an IVC control and was not included in the statistical analysis.
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Table 3.3 Quantitative real-time PCR Analysis of developmentally important gene expression between
IVP bovine embryos cultured in KSOM, N-CM, SF-CM, EPI-CM and SF/EPI-CM. Expression is relative
to one control gene, Luciferase. Data are presented as LSM ± SEM.
Gene
IFNτ

N-CM
1.5 ± 1.6

SF-CM
0.3 ± 1.5

EPI-CM
1.0 ± 1.5

SF/EPI-CM
1.5 ± 1.5

KSOM
7.3 ± 1.7

P-Value
NS

IL-6

0.3 ± 0.2

0.19 ± 0.16

0.1 ± 0.2

0.1 ± 0.2

0.8 ± 0.2

NS

LGALS1

3.4 ± 3.2

0.83 ± 3.16

2.7 ± 3.2

2.1 ± 3.4

17.3 ± 3.4

NS

LIF

0.4 ± 0.3

0.81 ± 0.30

0.3 ± 0.3

1.2 ± 0.3

0.9 ± 0.3

P < 0.05

STAT3

0.7 ± 1.1

0.36 ± 1.14

0.5 ± 1.1

2.7 ± 1.2

4.4 ± 1.2

NS

STAT5B

0.4 ± 0.2

0.01 ± 0.25

0.3 ± 0.3

0.3 ± 0.3

1.1 ± 0.3

NS

PTGS2

0.1 ± 1.3

0.43 ± 1.34

0.2 ± 1.3

0.9 ± 1.4

5.3 ± 1.4

NS

PPIA

2.2 ± 1.6

0.67 ± 1.56

2.0 ± 1.6

3.7 ± 1.7

8.2 ± 1.7

NS
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Figure 3.6 Quantitative real-time PCR analysis of IFNτ expression between IVP bovine embryos cultured
in KSOM, N-CM, SF-CM, EPI-CM and SF/EPI-CM. Expression is relative to the geometric mean of one
control gene, Luciferase. Data are presented as LSM ± SEM. No significant differences were observed in
expression of IFNτ between N-CM, SF-CM, EPI-CM, and SF/EPI-CM. KSOM was used as an IVC
control and was not included in the statistical analysis.
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Figure 3.7 Quantitative real-time PCR analysis of IL-6 expression between IVP bovine embryos cultured
in KSOM, N-CM, SF-CM, EPI-CM, and SF/EPI-CM. Expression is relative to the geometric mean of one
control gene, Luciferase. Data are presented as LSM ± SEM. No significant differences were observed in
expression of IL-6 between N-CM, SF-CM, EPI-CM, and SF/EPI-CM. KSOM was used as an IVC
control and was not included in the statistical analysis.
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Figure 3.8 Quantitative real-time PCR analysis of LGALS1 expression between IVP bovine embryos
cultured in KSOM, N-CM, SF-CM, EPI-CM and SF/EPI-CM. Expression is relative to the geometric
mean of one control gene, Luciferase. Data are presented as LSM ± SEM. No significant differences were
observed in expression of LGALS1 between N-CM, SF-CM, EPI-CM, and SF/EPI-CM. KSOM was used
as an IVC control and was not included in the statistical analysis.
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Figure 3.9 Quantitative real-time PCR analysis of LIF expression between IVP bovine embryos cultured
in KSOM, N-CM, SF-CM, EPI-CM, and SF/EPI-CM. Expression is relative to the geometric mean of one
control gene, Luciferase. Data are presented as LSM ± SEM. Compared to N-CM, SF-CM, and EPI-CM,
blastocysts in SF/EPI-CM expressed greater amounts of LIF (P < 0.05). KSOM was used as an IVC
control and was not included in the statistical analysis.
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Figure 3.10 Quantitative real-time PCR analysis of STAT3 expression between IVP bovine embryos
cultured in KSOM, N-CM, SF-CM, EPI-CM, and SF/EPI-CM. Expression is relative to the geometric
mean of one control gene, Luciferase. Data are presented as LSM ± SEM. No significant differences were
observed in expression of STAT3 between N-CM, SF-CM, EPI-CM, and SF/EPI-CM. KSOM was used as
an IVC control and was not included in the statistical analysis.
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Figure 3.11 Quantitative real-time PCR analysis of STAT5B expression between IVP bovine embryos
cultured in KSOM, N-CM, SF-CM, EPI-CM, and SF/EPI-CM. Expression is relative to the geometric
mean of one control gene, Luciferase. Data are presented as LSM ± SEM. No significant differences were
observed in expression of STAT5B between N-CM, SF-CM, EPI-CM, and SF/EPI-CM. KSOM was used
as an IVC control and was not included in the statistical analysis.
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Figure 3.12 Quantitative real-time PCR analysis of PTGS2 expression between IVP bovine embryos
cultured in KSOM, N-CM, SF-CM, EPI-CM, and SF/EPI-CM. Expression is relative to the geometric
mean of one control gene, Luciferase. Data are presented as LSM ± SEM. No significant differences were
observed in expression of PTGS2 between N-CM, SF-CM, EPI-CM, and SF/EPI-CM. KSOM was used
as an IVC control and was not included in the statistical analysis.
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Figure 3.13 Quantitative real-time PCR analysis of PPIA expression between IVP bovine embryos
cultured in KSOM, N-CM, SF-CM, EPI-CM, and SF/EPI-CM. Expression is relative to the geometric
mean of one control gene, Luciferase. Data are presented as LSM ± SEM. No significant differences were
observed in expression of PPIA between N-CM, SF-CM, EPI-CM, and SF/EPI-CM. KSOM was used as
an IVC control and was not included in the statistical analysis.
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Figure 3.14 Day 8 Embryo images taken for diameter measurements. Scalebar represents
100 µm. Treatments are as follows a) KSOM, b) N-CM, c) SF-CM, d) EPI-CM, and e) SF/EPI-CM. No
significant differences were found between Day 8 blastocyst diameter between the treatments. KSOM
was used as an IVC control and was not included in the statistical analysis.
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Chapter IV: Conclusion
Production of IVP embryos has the ability to enhance genetic value in cattle herds. Furthermore,
IVP also allows for research in early embryonic development. However, IVP embryos are lower quality
compared to their IVD counterparts. Findings from these studies provide further insight into the specific
contributions of the EPI and SF cells and future directions for optimization of IVP embryo culture
systems. Specifically, EPI and SF cell contribute specific factors to the maternal histotroph, which in turn
promote embryonic development and conceptus elongation. When compared to N-CM, SF-CM, EPI-CM
and SF/EPI-CM improved blastocyst development.
Progesterone is responsible for helping the uterus promote an embryotrophic environment that
can sustain and promote embryo and conceptus development. Through modulation of specific SLCs and
growth factors, P4 mediates development of the conceptus indirectly through the endometrium. In this
study, greater expression of SLCs in uterine EPI cells, despite not displaying any treatment effects of P4,
display the EPI cell contributions to maternal derived histotroph. Moreover, SF expression of certain
growth factor genes further elucidates SF contributions to the conceptus and progestamedin actions. In
combination, certain factors of these medias could elucidate positive effects of IVP embryos during
culture.
In order to compensate for the delayed exposure of histotroph that IVP embryos undergo, cell
conditioned media have been utilized in IVP embryo culture systems. Bovine oviductal epithelial, BRL
cells, and Vero cells have been used for both co-culture systems and cell conditioned media. However,
this study is the first to isolate specific uterine endometrial EPI and SF cells and through influence of P4
utilize specific cell conditioned media to culture Day 4 IVP bovine embryos. When compared to N-CM,
all cell conditioned media improved blastocyst development by Day 7. By Day 8, EPI-CM had greater
development compared to N-CM. Moreover, quality and diameter of IVP bovine embryos was not
affected between treatments. Further understanding of complex IVP culture systems allows for improved
IVP embryo development and establishment of successful pregnancies after embryo transfer.
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